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Two pilot scale bioreactors designed to treat acid mine 
drainage primarily using sulfate reducing bacteria were 
constructed underground at the Eagle Mine Superfund site in 
Minturn, Colorado. The project tested applicability of 
microbiological treatment on water with high metals 
concentration, as well as effectiveness in an underground 
environment. Research objectives were 1) to compare metal 
removal, sulfate reduction, and pH increase of a pilot scale 
single stage reactor with a double stage reactor of equal 
volume at different flow rates; 2) to determine where in the 
system treatment occurs; 3) to determine whether a zone of 
less metal removal exists at the mine drainage-substrate 
interface and whether this zone migrates through the 
substrate with time and high flows; and 4) to compare 
theoretically calculated sulfide production to actual 
treatment performance of each reactor. Treatment goals were 
established for pH increase, removal of Cd, Cu, Fe, Pb, Mn 
and Zn, and sulfate reduction of the Eagle Mine water. 
Preliminary results from experiments using 250 ml BOD bottles 
filled with cow manure, hay, and mine water showed 99%
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removal of metals. Results from the pilot scale reactors 
yielded 95 to 100% metal removal.
Seventy-five percent of metal removal occurred within the 
first ten inches of substrate, and 98% removal occurred by 30 
inches. A zone of less metal removal did exist at the mine 
drainage-substrate interface, but did not migrate through the 
substrate at higher flow rates. Estimating sulfide production 
was an effective means for approximating treatment capacity 
of a PMDT system. A composted cow manure and hay substrate, 
in an upflow tower configuration, treated flows four times 
higher than other systems tested in the Rocky Mountain 
region. The use of a passive mine drainage treatment (PMDT) 
system as a bioreactor was an effective treatment mechanism 
for acid mine drainage with exceptionally high metals 
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Acid mine drainage pollution is a leading environmental 
problem throughout mining districts of the United States. It 
is estimated that over 17,000 km of major streams in the U.
S. are contaminated with acid mine drainage (Herlihy et al. 
1987). The pollution is caused by exposure of pyrite, a 
mineral common to ore bearing rock and coal, to atmospheric 
oxygen and water. At such conditions, pyrite becomes unstable 
and is subjected to autooxidation or microbial iron and 
sulfur oxidation. These processes produce high levels of 
acidity (Atlas and Bartha 1987). The acid then solubilizes 
other common ore elements such as Mn, Pb, As, Cu, Cd, and Zn. 
Water containing these heavy metals flows from mine tunnels 
and tailings piles and discharges into surface and ground' 
waters creating acid mine drainage.
Eagle Mine Project
The Eagle mine project was designed to apply passive mine 
drainage treatment methods, primarily bacterial sulfate 
reduction, to highly contaminated mine drainage produced at
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the Eagle Mine Superfund site in Minturn, Colorado. Research 
was divided into three phases; 1) Phase I, a preliminary 
bottle test experiment, was used to determine whether PMDT 
would effectively treat the Eagle Mine acid drainage; 2)
Phase II, a bench scale experiment, which is presently being 
investigated by Robin Madel of the Colorado School of Mines; 
and 3) Phase III, a pilot scale treatment system to be 
constructed underground in the Newhouse tunnel at the Eagle 
Mine site. Phase III is the focus of this research and is 
composed of two parallel bioreactor systems that were tested 
for treatment efficiency at high flows.
Site Description and History. The Eagle Mine Superfund 
site is located roughly four miles south of Minturn, Colorado 
which is 100 miles west of Denver. The mine was originally 
established in 1884 as a series of small gold and silver 
mines that comprised the Battle Mountain Mining district. In 
1905 lead and zinc became the principal ores mined. In 1915, 
Battle Mountain Mining district consolidated to form the 
Eagle/Gilman Mine which was owned and operated by New Jersey 
Zinc Co. and later Paramount/Gulf Western. In 1983 it was 
sold to an individual named Glen Miller. The mine was 
operated under its new owner until 1984 when operations were 
abandoned.
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Between 1984 and present, natural ground water seepage 
combined with microbiota, leached exposed metal sulfides 
within the mine as well as on tailings piles. Heavy metal 
contaminated water then exited the mine via existing portals 
and discharged into the Eagle River. In 1986 the site was 
placed on the National Priorities List under SARA title III 
of the Comprehensive Environmental Response, Compensation and 
Liability Act. Paramount/Gulf Western, the principal 
responsible party, was required under SARA title III to 
implement a remediation plan to clean up the contaminated 
site.
In 1984, when operations terminated, water was no longer 
pumped from the mine. The U. S. Environmental Protection 
Agency took action and constructed several dams to divert the 
water into deeper mine workings. By 1986, the mine had 
filled, and water began discharging from the portals. To 
remedy this problem, concrete bulkheads were placed in 
various tunnels to plug the flow. However, this procedure did 
not prove very effective. Water that was once able to flow 
freely from the mine was trapped inside and the mine 
continued to fill. This created tremendous hydraulic head 
that exerted force on the highly fractured and faulted 
bedrock. Shortly after installation of the bulkheads, water
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began seeping through cliff faces and again discharging into 
the Eagle River.
The second, and still current remediation effort is to 
collect the water leaching through the cliff faces and pipe 
it to an acid neutralization treatment plant. Slaked lime is 
added to the water which increases alkalinity. This in turn 
causes metals to precipitate (Wakao et al. 1979). The plant 
at the Eagle Mine site is expensive to run and requires 
constant monitoring. In addition to high costs the treatment 
plant also produces large quantities of heavy-metal laden 
waste sludge. This sludge, which does not pass the toxic 
characteristic leachate procedure tests under the Resource 
Conservation and Recovery Act, cannot be disposed of on site. 
Proper disposal is required.
As an inexpensive alternative to the current acid 
neutralization treatment process implemented at the Eagle 
Mine site, a passive mine drainage treatment system that 
primarily uses bacterial sulfate reduction was chosen.
Purpose and Scope/Research Objectives. The main scope of 
this research was to test the applicability of a PMDT system 
to mine drainage with exceptionally high metals concentration 
(See table 1) as well as effectiveness in an underground 
environment.
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The purpose of the research was 1) to compare the 
performance, i.e., metal removal, sulfate reduction, and pH 
increase of a pilot scale single stage reactor with a double 
stage reactor of equal volume at a series of flow rates, 2) 
to sample at different depths within the substrate to 
determine where treatment occurs within the reactor, 3) to 
examine whether a zone of low microbial activity and lower 
metal removal exists at the mine drainage-substrate interface 
and whether this zone migrates through the substrate with 
time at high flows, and 4) to compare theoretically 
calculated sulfide production to actual treatment performance 
of the system.
TABLE 1: ANALYSIS OF EAGLE MINE WATER (conc. in
mg/L)
CADMIUM COPPER IRON LEAD MANGANESE ZINC
1.10 15.00 300.00 0.60 200.00 220.00
SULFATE pH Eh (mv) CONDUCT. TEMP. (C)
4 ,200.00 2.80 500.00 4 ,000.00 6.00 2°^
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Several questions were raised with the above objectives. 
First, would a single stage reactor perform better than a 
double stage reactor of equal volume or would they produce 
equal results? The experiment was arranged so that height to 
width ratio was the only varying factor between the two 
reactors: the design of each system was the same, the total 
amount of substrate was equivalent in both, and flow rates 
entering each tank were equal.
Introducing sampling wells into the single stage reactor 
will answer ever more questions about the dynamics of the 
system. For example is the pH of the water raised within the 
first few inches of substrate? Where does most metal 
treatment occur? Also, does a zone of less metal removal 
occur at the mine drainage-substrate interface and does this 
zone migrate through the system with time and with higher 
flow rates? Finally, is it feasible to estimate treatment 
capability of a system using theoretical calculations of 
sulfide production?
Hypothesis. For this research I hypothesized that a 
gradual increase in metals removal and pH would occur as the 
acid mine drainage passed through the substrate column in the 
single stage reactor. I also hypothesized that the single 
stage reactor would yield greater treatment efficiency due to
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the larger treatment surface area. Finally, I hypothesized 
that at the mine drainage-substrate interface, a zone of less 
metal removal would exist. This implies that bacteria are 
less active due to the high acidity of the water. It was 
expected that with time, this zone would migrate upward 
through the substrate at higher flow rates. This in turn 
implies that the reaction of the reduction of sulfate to form 




Problems With Acid Mine Drainage
A series of reactions from exposure of pyrite to 
atmospheric oxygen and water causes acid mine drainage 
pollution. Under normal conditions this is a somewhat slow 
reaction. However, a gram positive rod shaped bacteria known 
as Thiobacillus dramatically increases the reaction rate.
This bacteria contributes to the formation of sulfate through 
rapid oxidation of reduced sulfur compounds in a series of 
reactions (Laskin and Lechevailer 1977).
The first reaction in the formation of acid mine drainage 
is the production of sulfate and hydrogen ions from the 
oxidation of pyrite.
2 FeS2 + 7 02 + 2 H20 -----> 2 Fe++ + 4 S04"  + 4 H+ (1)
The ferrous iron (Fe2+) produced in reaction 1 is 
solubilized and is further oxidized to ferric iron (Fe3+) by 
Thiobacillus ferrooxidans in a second reaction.
4 Fe++ + 02 ----- > 4 Fe3+ + 2 H20 (2)
The ferric iron produced in reaction 2 can oxidize the 
remaining sulfide to sulfate in a third (non-biological) 
reaction.
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8 Fe3+ + S2- + 4 H20  > 8 Fe2+ + S042~ + 8 H+ (3)
In addition to reactions 1, 2, and 3, the dissolution of 
pyrite may occur if exposed to pH greater than 3.0. Here, the 
Fe(lll) precipitates as a hydrated iron(III) oxide (Manahan,
1990). The iron hydroxide forms "yellow boy," an insoluble 
precipitate that coats river sediment and accumulates in mine 
tunnels as orange sludge.
Fe3+ + 3 H20 --------- > Fe (OH) 3 (s) + 3 H+ (4)
The complete reaction for the production of acid mine 
drainage is:
FeS2 + 15/4 02 + 7/2 H20 ---- > Fe (OH) 3 + 2 S04"  + 4 H+ (5)
Reaction 5 shows that for every mole of FeS2 oxidized,
four moles of H+ are formed. This produces extremely high 
levels of acidity in a relatively short period (Singer and 
Stum 1987). The acid produced in the above reaction 
solubilizes other common ore elements such as Cd, Cu, Pb, Zn, 
Mn, As, Ag, etc. Ground water and surface water transport 
these metals to surface waters such as lakes and rivers, 
hence producing acid mine drainage pollution. Once mine 
drainage reaches surface impoundments, several effects on the 
biota and flora of the environment occur.
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Environmental Impacts of Acid Mine Drainage
Studies to determine the impact of acid mine drainage on 
rivers reveal that streams receiving acid mine drainage show 
a significant decrease in the number of individual organisms, 
a significant reduction in species variety, and in some 
cases, entire fish kills (RIFS Eagle Mine 1985).
A study conducted by the U. S. Environmental Protection 
Agency on impacts of western coal mining on Trout Creek, 
Colorado showed that acid mine drainage adversely affects 
both physical and chemical properties of streams. Coating of 
rocks with the iron hydroxide precipitate ("yellow boy") 
destroys the aesthetics of a river. Besides visual 
degradation, "yellow boy" physically alters the macrobenthic 
habitat making it unsuitable for living. Furthermore, the 
destruction of biota by toxic agents such as heavy metals
causes a disruption in the natural food chain. Heavy metal
>tolerant species flourish while metal sensitive species 
diminish. This produces a lopsidedness in the stream 
ecosystem. Finally, wildlife and livestock that feed on fish 
and plants from a contaminated stream are at risk of 
contamination through ingestion (Canton and Ward 1978).
Aquatic organisms living in streams receiving acid mine 
drainage have an increase risk of developing harmful or fatal' 
conditions over organisms in non-contaminated streams. Each
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metal found in acid mine drainage has severe impacts on both 
developing and mature fish at very low concentrations.
Lead, in concentrations as low as 0.12 mg/1, causes 
defects in brook trout including severe spinal curvature.
Lead also accumulates within the gills, liver, kidney, 
spleen, and gonads of fish to levels as high as 18 mg/1 which 
poses a health risk to those who ingest the organism (Schmitt 
et al. 1984). Fish are also adversely affected by cadmium 
which, similar to lead, accumulates in soft tissue and bone. 
Cd also reduces survival during the embryonic stage of life 
and causes a slow cumulative mortality in adult fish. Copper 
causes embryonic rupturing in developing fish and severe 
toxicosis of the liver in adult fish (Rand and Petrocelli 
1985) . Finally, zinc forms an insoluble compound with mucous 
found in the gills. This compound coats the gills which 
causes damage of the epithelium cells and ultimately 
suffocation (Eagle Mine RIFS 1985).
Vegetation is also adversely affected by heavy metals 
associated with acid mine drainage. Many plants adsorb Cd,
Pb, Mn, and Zn into the root and leaf structures. Lead, for 
example inhibits photosynthesis as well as hinders mitosis 
and water absorption (Eisler 1988). Cd negatively affects the 
germination, survival, and growth of most aquatic plants. 
Finally Mn and Zn both limit productivity and growth.
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Although impacts of acid mine drainage on aquatic plants is 
not readily noticeable, the toxic effects observed in the 
animals that feed on them is.
Remediation Possibilities for Acid Mine Drainage
Because mine drainage is a proven threat to the 
environment, certain laws have been enacted to regulate and 
control acid mine drainage pollution.
The Surface Mining Control and Reclamation Act of 1977 was 
established for regulating operational mine water discharges 
by requiring the implementation of a water treatment program. 
The Comprehensive Environmental Response, Liability, and 
Compensation Act was established to regulate past mining 
activities by requiring the principal responsible party to 
mitigate clean up actions. Standards set by the U.S. 
Environmental Protection Agency under the 1972 Federal Clean 
Water Act regulate water from past and present mining 
activities. The standards were and still are; 1) pH must be ' 
between 6 and 9; 2) Fe levels within receiving waters must 
not exceed 7 mg/l/day with a 3.5 mg/l/monthly average; and 3) 
Mn levels must not exceed 4 mg/l/day with a 2 mg/l/monthly 
average in the discharging waters. To meet these standards, 
past and present mining companies must properly treat their 
mine water discharge.
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Several technologies for the treatment of acid mine 
drainage have been developed and implemented to meet the CWA 
standards. These include biocides to treat the source of 
pollution, acid neutralization, biosorption onto a biomass, 
constructed wetlands, and bacterial sulfate reduction.
Biocides. Biocides used to deter the oxidation of pyrite 
by Thiobacillus ferrooxidans have been implemented at various 
mining sites through out the United States. Tests have shown 
that the antimicrobial chemicals are effective at 
exterminating the oxidizing bacteria with minimum impacts to 
the surrounding ecosystem (Dugan 1972). However, the source 
of bacteria must be sufficiently localized to allow adequate 
application of the chemicals. Usually, the area in question 
is either too broad or inaccessible for the chemicals to be 
effective. Biocides are not amenable to the Eagle Mine site 
primarily due to the vast network of flooded tunnels.
Acid Neutralization. Acid neutralization is a process 
where slaked lime or soda ash is added to heavy metal 
contaminated water as a means to buffer the pH. A pH increase 
initiates the precipitation of Fe and Al. To precipitate 
other metals such as Cu, Zn, Pb, and Cd, sulfide is often 
added to the water (Cohen and Gorman 1991) . As mentioned
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earlier, acid neutralization is extremely expensive and not 
entirely effective, particularly with complexed or chelated 
metals. Besides high costs and high maintenance, acid 
neutralization also requires constant monitoring and produces 
large quantities of metal laden waste sludge.
Biosorotion. The U.S. Bureau of Mines is presently 
developing porous beads that contain immobilized biological 
material. These "BIO-FIX" beads remove metal contaminants 
from solution through the process of biosorption (Jeffers et 
al. 1990). The beads are composed of a polymer of non-living 
biomass that effectively sorb a variety of heavy metal ions. 
However, regeneration of the beads produces a waste sludge.
The metal sludge eluted from the beads is high in volume and 
toxic characteristics (Jeffers et al. 1990).
Wetlands. Artificially constructed wetlands were developed 
as an inexpensive low maintenance alternative for the 
remediation of acid mine drainage pollution from past and 
present mining activities. Over 400 constructed wetlands have 
been built in eastern coal mining districts to treat acid 
mine drainage from both underground and open pit coal mines 
(Weider et al. 1990; Perry and Kleinman 1991). More recently, 
wetland treatment systems have been implemented for the
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treatment of acid mine drainage at several hard rock mines in 
the Rocky Mountain region.
Wetlands treatment combines several micro-processes 
including adsorption and ion exchange, bioaccumulation, 
bacterial and abiotic oxidation, sedimentation, 
neutralization, sulfate reduction, and dissolution of 
carbonate minerals (Perry and Kleinman 1991). The 
traditionally constructed wetland used the above processes 
and were generally designed as a series of shallow cells 
intended to mimic natural wetland ecosystems. Research on the 
dynamics of a constructed wetland showed that although iron 
removal was steady, the wetlands failed to consistently treat 
for other water quality variables.
Recent research determined that the anaerobic zone beneath 
the wetland surface provided a reducing environment through 
which both sulfate and iron reduction and adsorption of 
metals occurred. An experiment conducted at the Big Five 
Tunnel constructed wetland in Idaho Springs, Colorado 
demonstrated that bacterial sulfate reduction accounted for 
most metal removal (Wildman et al. 1990). Plants accounted 
for less than 2% of treatment (Howard et al. 1989). From 
these observations, it was determined that constructed 
wetlands need not resemble natural wetland ecosystems but 
should be designed to optimize reducing conditions for the
T-4090 16
promotion of bacterial sulfate reduction. Hence the evolution 
of the passive mine drainage treatment (PMDT) system used for 
this research.
Passive Mine Drainage Treatment System. The PMDT system 
was designed primarily as a bioreactor. It is entirely 
without plants and uses an organic substrate as the treatment 
media. The PMDT is a flow through reactor designed in either 
upflow or downflow configurations. Several bench scale 
experiments using PMDT have been conducted at various mine 
site throughout Colorado to treat acid mine drainage (Bolis 
et al. 1991; Wildman et al. 1990). Results showed that an 
entirely anaerobic system without plants could sustain 
adequate treatment efficiencies for several months. A pilot 
scale PMDT system using sulfate reduction was constructed in 
an underground Pennsylvania coal mine. The experiment 
optimized reactor conditions to promote metal retention and 
alkalinity generation with treatment efficiencies of 95% for 
Fe, Zn, Mn, Ni, and Cd (Dvorak et al. 1991).
Experiments conducted to date prove that acid mine 
drainage can be effectively treated for metal removal, pH 
increase, and sulfate reduction (treatment efficiencies up to 
99.99%) by running mine drainage through specially 
constructed PMDT systems.
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Several PMDT systems have been experimented with using 
different types of organic substrates. Materials such as wood 
chips, spent mushroom compost, peat, cow manure plus potting 
soil, and pure composted cow manure have been tested to 
determine the most effective organic substrate to act as a 
carbon source for sulfate reducing bacteria (Bolis et al. 
1991; Reynolds et al. 1991; Dvorak et al. 1991; Perry and 
Kleinman 1991). Further experiments to determine an efficient 
and cost effective nutrient to maximize sulfate reduction 
rates were also conducted. Reynolds (1991) ascertained that 
substrate amended with an extract of decomposed hay yielded 
sulfate reduction reaction rates 2.5 times greater than 
unamended substrates. Cow manure was also determined to 
produce higher treatment efficiencies than other substrates. 
Upflow and downflow configurations were experimented with to 
determine which produced higher treatment efficiencies. Lemke 
(1989) determined that upflow configuration sustained 
hydraulic conductivity better than down flow although 
treatment efficiency was the same for both (Bolis et al.
1991). Finally, more recent studies describe the treatment 
processes that occur within an idealized PMDT reactor.
The processes responsible for the removal of metals and 
alkalinity increase in a PMDT system are primarily adsorption 
and bacterial sulfate reduction.
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1. Adsorption and Complexation
During adsorption Fe2+ and other metals bind onto negative 
sites and humics with -COOH groups (Wieder 1988). Adsorption 
accounts for most metal removal during initial weeks of 
operation. Yet, after several weeks, negatively charged sites 
become saturated and the substrate no longer provides bonding 
sites. At this point bacterial sulfate reduction replaces 
adsorption as the primary metal removal process (Machemer
1992) .
2. Sulfate reduction
The primary microbial mediated metal removing process 
occurring in a PMDT system is sulfate reduction by sulfate 
reducing bacteria. These bacteria are obligate anaerobes that 
use sulfate as an electron acceptor and reduce it to hydrogen 
sulfide (Hedin et al. 1988). The hydrogen sulfide produced is 
either emitted as a gas, which produces the characteristic 
rotten egg smell often associated with PMDT systems, or is 
trapped within the substrate and becomes available for 
reaction with metal ions. Sulfide may exist as sulfide, 
polysulfide, elemental sulfur, acid volatile sulfide or 
pyrite. The reactions responsible for this process are: 
Sulfate is reduced to sulfide in a one step reaction.
2 CH20 + S04" --- > S2‘ + 2 C02 + 2 H20 (1)
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The sulfide produced in reaction 1 may then react to form H2S 
in reaction 2 . - 'A
S2" + 2 C02 + 2 H20 ----> H2S + 2 HCCV (2)
The hydrogen sulfide then reacts in the following ways to 
form different products.
Hydrogen sulfide ionization 
H2S  > HS" + H+
H S - ---- > S2" + H+
Formation of elemental sulfur
HS" + 1/2 02 + H+  > S* + H20
Polysulfide formation
HS" + (x-l)S’ Sx2~ + H+
Acid volatile sulfide
Fe2+ + h 2S  > FeS + H+
Pyrite formation
FeS + S* ----- > FeS2
Fe2+ + S ’ + H2S  > FeS2 + 2 H+
Fe2+ + Sx2- + H S " ----- > FeS2 + Sx2- + H+
Of the sulfide forms produced through sulfate reduction, 
headspace H2S, dissolved S~, and solid AVS are dominant in a 
PMDT system (Reynolds 1992). Studies have shown that the 
amount of H2S sulfide emitted from a PMDT system as a gas is 
not significant compared with the rate of sulfide production 
within the substrate (Machemer 1992). Therefore most sulfide
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produced is available to react with metal ions in solution, 
which precipitate as metal sulfides (Herlihy et al. 1987).
The bicarbonate product in reaction 2 is primarily 
responsible for the buffering of acidic mine water. The 
substrate, which has a soil pH greater than 8.0 acts as a 
secondary buffering mechanism.
Approximately twelve genera of sulfate reducing bacteria 
are present in a PMDT system. However, the two dominant 
genera responsible for reactions 1  and 2  are identified as 1 ) 
a spore forming bacteria known as Desulfotomaculum and 2) a 
heterotrophic non-sporulating bacteria known as desulfovibrio 
(Batal et al. 1988). Initial bacterial counts of sulfate 
reducing bacteria in composted cow manure at the Big Five 
constructed wetland in Idaho Springs, Colorado yielded 9 x 105 
MPN/g bacteria (Batal et al. 1988).
Sulfate reducing bacteria play an important role in the 
treatment of acid mine drainage in a PMDT system. It has been 
determined that adsorption does occur, but after several 
weeks of operation sorption sites become saturated (Machemer
1992). Also sulfide production rates measured in laboratory 
experiments showed that the rate of sulfide production in 
samples inhibited by sulfate reducing bacteria poisons was 
near zero compared to controls. This suggests that production 
of sulfide in a PMDT system is predominantly due to microbial
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activity (Reynolds 1992). Studies to determine optimal 
conditions for sulfate reducing bacteria have shown that 
sulfate reduction reaction rates increase at temperatures 
near 32* C (Reynolds et al. 1991). Studies have also shown 
that a redox potential between -150 and -200 mv must be 
maintained for the sulfate reducing bacteria to survive 
(Tuttle et al. 1969). In order for PMDT systems to be 
effective, reactors must be designed to optimize reducing 






The Eagle Mine project was designed and constructed in the 
main portal to the Newhouse tunnel near the milling area of 
the Eagle Mine. Figure 1 is a map showing the location of the 
research site in relation to the rest of the mine site. The 
PMDT system used for this experiment was two parallel 
bioreactors designed to optimize bacterial sulfate reducing 
conditions; 1) a single stage (SS) bioreactor; and 2) a 
double stage (DS) bioreactor in series.
Single Stage Reactor. The single stage (SS) bioreactor was 
constructed of one 500 gallon high density polyethylene (HDP) 
cylindrical tank manufactured by Plastics Engineering Inc.
The tank was filled with approximately 2.46 m 3 of a composted 
cow manure and hay substrate in a 4 to 1 volumetric ratio. 
Manure was chosen based on results from the bottle tests in 
phase I of the project as well as previous research completed 
by Reynolds (1991). The aged cow manure used for the project 
was chosen because of high soil pH to help buffer the acidic 
















Figure 1. Map of the Eagle River as it passes through the 
Eagle Mine Superfund site. Arrow points to location of study 
area where reactors were operated relative to rest of the 
site.
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of its demonstrated ability to increase sulfate reduction 
reaction rates (Reynolds et al. 1991). The tank was plumbed 
to run in an upflow fashion based on hydraulic conductivity 
results determined by Lemke (1989). Figure 2 shows a diagram 
of the single stage reactor.
Three holes were drilled into the tank using a 2 inch hole 
saw. Bulkhead fittings were installed to convert the tank to 
a flow through device. An inflow port was drilled 2 inches 
from the base of the tank and fitted with 1.5 inch PVC pipe.
A perforated inflow pipe extended the full diameter of the 
tank. A six inch depth of pea gravel packed around the inflow 
pipe over the entire surface area of the reactor ensured even 
flow of water into the reactor. A sheet of landscape fabric 
was placed over the gravel and inflow pipe. Silicon caulk 
secured the fabric to the sides of the tank. The fabric 
allowed water to flow through, but deterred substrate from 
entering the gravel and clogging the inflow pipe. Atop the 
landscape fabric was thirty inches of composted cow 
manure/hay substrate in a 4:1 ratio by volume. Added to the 
substrate was 20 lbs. of innoculum collected from cell B at 
the Big Five Tunnel constructed wetland in Idaho Springs, 
Colorado. The innoculum, which was dug from the anaerobic 
zone of the wetland, was used to seed the SS reactor with 
sulfate reducing bacteria (Bolis et al. 1991).
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Figure 2. Cross sectional diagram showing design of the 500 
gallon HDP single stage reactor plumbed in upflow 
configuration.
T-4090 26
An effluent port was placed approximately 4 6 inches from 
the bottom of the tank. Again, 1.5 inch diameter perforated 
PVC pipe attached to the bulkhead fitting allowed water to 
flow from the tank. The effluent pipe, placed roughly three 
inches from the substrate surface, ensured that effluent 
water sampled from the system was not oxidized. To insure 
that anaerobic conditions were maintained further, a thick 
layer of hay was placed on top of the substrate. Above the 
hay layer, a third hole was drilled as a precautionary 
overflow drain for clogging.
Finally, three sampling wells, A, B, and C were placed 
within the substrate of the SS reactor. Each well was 
constructed of 2 inch PVC pipe, capped at one end. Holes were 
drilled around the circumference of each well at varying 
heights. Well A was equipped with holes at 10 inches from the 
base of the pipe; well B at 20 inches from the base of the 
pipe; and well C at 30 inches from the base of the pipe. The 
wells were placed in the reactor with capped end resting on 
the landscape fabric. They were arranged in a triangle, 
equidistant from one another and the reactor walls.
Double Stage ..Reactor. The double stage (DS) bioreactor was 
constructed of two 200 gallon high density polyethylene (HDP) 
cylindrical tanks. They were assembled identically to the
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single stage reactor except that the effluent from one tank 
discharged directly into a second tank to form a series; 
hence the name double stage reactor.
Each tank of the double stage reactor was filled with 1.23 
m 3 of the same substrate of composted cow manure and hay used 
in the single stage reactor. Ten lbs. of innoculum from the 
anaerobic zone of the Big Five constructed wetland in Idaho 
Springs, Colorado was mixed with the substrate in each tank. 
Figure 3 offers a complete schematic diagram of the double 
stage reactor.
HDP lids covered both reactors to minimize contamination 
from ground water dripping off the ceilings and to maintain 
the anaerobic conditions within each reactor.
Overall Layout. Mine drainage was collected in the milling 
area from seep 140 by a small dam and holding pond 
constructed of mine timbers and hypalon liner. The water was 
piped from the dam and gravity fed through a 1.5 inch PVC 
pipe down an incline to the portal area where it spilled into 
a 500 gallon Nalgene plastic tank. This tank served as a 
reservoir that fed both the SS and DS reactors.
The reservoir tank had two bulkhead fittings underneath. 
One, equipped with a constant head drain pipe, maintained a 
hydraulic head adequate to drive the system. Excess water
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Figure 3. Cross sectional diagram showing design of 200 
gallon HDP double stage reactors plumbed in upflow 
configuration. Effluent water from tank 1 flows directly into 
tank 2 .
discharged into a utility access drain and was piped off to 
the water treatment plant. The reservoir tank was placed onto 
four wooden pallets to achieve sufficient hydraulic head to 
drive the system and to gain easier access to the bulkhead 
fittings underneath. The second bulkhead fitting fed the two 
reactors through a 1.5 inch PVC pipe.
Water used for the experiment was controlled by several 
valves. Two ball valves were placed between the dam and the
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reservoir tank; one at the top of the incline in the milling 
area, and a second up stream of the reservoir tank to control 
the flow. Another ball valve placed on the overflow pipe down 
stream of the reservoir tank controlled the flow leaving the 
mine. A globe valve placed upstream of the reactors coarsely 
controlled flow entering each reactor. Two ball valves on the 
effluent pipes of each reactor controlled flow more 
precisely. Two PVC "Y" joints downstream of the effluent 
valves provided an access point to measure flow rates.
Sampling spigots constructed of plastic 0.7 5 inch garden 
hose valves were placed at the effluent of the reservoir 
tank, the effluent of each reactor, and between tanks 1  and 2  
of the DS system. Finally, three sampling wells constructed 
of 2 inch PVC pipe in the SS reactor provided access to 
sampling levels at 10, 20, and 3 0 inches from the base of the 
substrate. Figure 4 shows a plane view diagram of the entire 
system.
Upon completion, the reactors soaked with mine drainage 
from seep 140 for one week to initiate bacterial growth.
Bolis et al. (1991) established this procedure by showing 
that soaking substrate in mine water maintained better 
hydraulic conductivity and demonstrated more efficient metal 
removal than starting the reactors dry.
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Figure 4. Plane view diagram of overall layout of treatment
system beginning from 500 gallon reservoir tank to adit entrance.
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Flow Rates
After one week of soaking, operation of the reactors 
commenced. Initial flow rates were calculated based on a 
loading rate of 0.125 gal/min/100 ft2 for approximately 3 feet 
of substrate depth which effectively treated mine drainage at 
the Big Five tunnel constructed wetland in Idaho Springs, 
Colorado (Wildman et al. 1990). This loading rate was 
adjusted for an area of 14.7 ft2 for the SS reactor and an 
area of 7.0 ft2 for the DS reactor. New flow rates were 
calculated as 69 and 33 ml/min for the SS and DS reactors 
respectively. However, because flow rate was a constant 
parameter for both reactors, the average of these two numbers 
was taken and a starting flow rate of 50 ml/min was selected.
Flow rates were measured by hanging a bucket under an 
opened PVC "Y" joint down stream of each reactor for one 
minute. The water in the bucket was poured into a graduated 
cylinder for measurement. Although the technique was crude 
and subject to a high factor of error, several measurements 
were taken at each reactor every week to ensure accuracy and 
precision.
The reactors were operated at 50 ml/min for five weeks. 
Flows were checked before sampling each week and were reset 
after each sampling session. Overall, flows at 50 ml/min were
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maintained relatively well over the course of a week. Minor 
fluctuations in flow rates of no more than 5 ml/min occurred.
After five weeks of operation, flow rates were doubled to 
100 ml/min and run for another six weeks. Flows were slightly 
more difficult to maintain at the higher flow rates. Again 
flows were checked before sampling and were reset afterward.
A 10% variation of flow rate was observed at 100 ml/min.
At week eleven flow rates were doubled to 200 ml/min.
Again these flow rates were monitored and adjusted weekly. A 
10% variation in flow rate occurred.
Flow rates were doubled again to 400 ml/min at week 
sixteen. However, freezing prevented the collection of 
adequate data. Therefore, results at 400 ml/min will be 
presented in tabular form but not discussed.
Results for treatment efficiency at each flow rate will be 
discussed in the Chapter IV.
Sampling
Weekly sampling commenced July 31, 1991 and ended November 
26, 1991. Two samples were collected from the sampling spigot 
at the reservoir tank effluent to measure the quality of the 
water entering the reactors. One sample was collected from 
the effluent of both the single and double stage reactor, as 
well as from the sampling spigot located between tanks 1  and
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2 of the DS system. Finally, one sample was collected from 
each sampling well using a plastic bailer. The samples were 
collected in 1000 ml Nalgene water bottles. Approximately 200 
ml of sample was used for field measurements of pH, Eh, 
conductivity, and temperature. Two hundred ml of the sample 
were used to rinse the filtering apparatus before use. One 
hundred fifty ml of raw sample was collected in 2 50 ml 
Nalgene bottles and chilled for sulfate analysis. Finally, 
the remaining 450 ml of sample were filtered through a 0.45 
|im glass Geotech filter using a 2.4 liter barrel filter 
manufactured by Geotech and provided by Advanced Terratesting 
laboratory in Lakewood, Colorado. Ten ml of 1 molar nitric 
acid preserved the filtered samples for the analyses of 
copper, cadmium, lead, iron, manganese, and zinc. Unfiltered 
total metal samples were taken twice during the experiment to 
compare total metal concentrations to dissolved metal 
concentrations. Both sulfate and metal samples were analyzed 
by Vista Laboratory in Broomfield, Colorado.
Copper, iron, manganese, and zinc were analyzed on a 
Thermo Jarrell Ash 61E inductively coupled argon plasma 
emission spectrometry (ICAP) device. Cadmium and lead were 
analyzed on a Perkin Elmer 2380 graphite furnace atomic 
adsorption spectrophotometer (GFAA). Sulfate was analyzed by 
spectrophotometry according to EPA method 37 5.4.
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Sampling was conducted in the field at the mine portal. 
Field measurements and filtering were performed shortly after 
collection of each sample to lower the possibility of sample 
alteration between the time of collection and the time of 
measurement and filtering. However/ by October 29, below 
freezing outdoor temperatures and poor weather conditions 
prohibited outdoor field measurements and filtering. From 
October 29 to November 26 all eight samples were collected in 
1000 ml Nalgene bottles in the morning and brought to the 
site office where they were refrigerated until ready for 
filtering. The office was less than one mile from the mine 
adit and samples never sat for more than three hours.
All samples were delivered to Vista laboratory by the 
sampler within a 24 hour period.
A quality assurance/quality control program was 
established to ensure data accuracy. Duplicate samples of the 
mine drainage were taken each week. A split sample from one 
reactor was taken every two weeks. Finally, a blank sample 
using distilled water was taking every two weeks to ensure 
cross contamination of samples was not occurring between 
rinses of the filtering apparatus.
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Theoretical Calculations
As mentioned earlier, one objective of this research was 
to calculate the theoretical rate of sulfide production and 
use the calculations to estimate treatment capacity of each 
reactor. Calculations were based on results from experiments 
to determine sulfide production rates by Mclntire and 
Edenborn (1990) and Reynolds (1992). In lab experiments using 
similar substrate, 600 nM S-2 /cm3/day was measured by Mclntire 
and as high as 1200 nM S“2 /cm3/day by Reynolds at room 
temperature. Assuming these numbers represent the low and 
high end points of the range of sulfide production typical in 
a PMDT, the amount of S ~ 2 produced per day may be calculated 
for a system of any volume.
The volume of substrate in each reactor is:
SS = 2.4 6 x 106 cm3 
DS = (1.23 x 106 cm3) x 2 
A range for the amount of sulfide produced in one reactor is: 
1.47 Moles S_2/day to 2.95 Moles S“2 /day.
If one mole of S ~ 2 will react with one mole of metal, the 
total moles of metals entering each reactor per day should be 
equal to the amount of sulfide produced per day to yield 
total metal removal. The total number of moles of metals (Fe, 
Cd, Cu, Zn, and Pb) entering each reactor at each flow rate 
in a given day were:
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50 ml/min = 0.74 moles metals/day
100 ml/min = 1.49 moles metals/day
200 ml/min = 2.97 moles metals/day.
(It should be noted that Mn was not considered in the 
calculations because it does not readily react with sulfide 
to form a metal sulfide).
Given these calculations one can infer that enough sulfide 
is produced to treat the metals present at flow rates 50,
1 0 0 , and 2 0 0  ml/min.
The presence of sulfide was determined for the effluent of 
each reactor and for each sampling well. Sulfide was measured 
by adding approximately 10 ml of 7.5 M NH4OH to 10 ml of 
sample. This mixture was then subjected to potentiometric 
titration with 0.01 M AgNC>3 using a silver electrode and a 
Ross junction reference electrode (Updegraff and Wren, 1954). 
The sample was stirred with a magnetic stirrer and titration 
continued until the sample showed a significant blackening in 
color (Machemer, 1992).
Other calculations were made to further understand the 
functions of the system. Hydraulic residence time (V/Q) was 
calculated for water entering each reactor at three flow 
rates. The equation used for the calculations was:
Hydraulic Residence = V/Q = L3/L3 T_1
S ? “ KES i m m




V = volume of reactor 
Q = flow rate entering the reactors 
L = length 
T = time
The calculations demonstrated the following V/Q:
50 ml/min Hydraulic residence time 16.9 days
100 ml/min Hydraulic residence time 8.45 days
200 ml/min Hydraulic residence time 4.22 days
Velocity (Q/A) was also calculated for water treated by each 
reactor. The equation used for calculating velocity was: 
Velocity = Q/A = L3 T_1 /L2 
Were:
Q = flow rate entering the reactor 
A = area of reactor 
L = length 
T = t ime
Velocity at the three flow rates for each reactor was:
Area for each reactor is:
SS = 13701.4 cm2 
DS = 6566.9 cm2
Velocity (Q/A) of the water traveling through each reactor at 
50r 100, and 200 ml/min is:
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SS reactor:
50 ml/min 3.66 X i c r 3 cm/min
100 ml/min 7.31 X i c r 3 cm/min
200 ml/min 1.46 X lO- 2 cm/min
reactor:
50 ml/min 7.62 X i c r 3 cm/min
100 ml/min 1.52 X lO” 2 cm/min
200 ml/min 3 . 0 5 X lO- 2 cm/min
Because the area of the DS reactor is more than half the 
area of the SS reactor, the velocity of the water traveling 
through the DS reactor is more than twice as fast. One would 
assume based on loading rates per given area that the SS 
reactor would treat more efficiently than the DS reactor.
Statistical Analysis
A student t-test was chosen as a statistical method for 
comparing the two means from the two reactor effluents to 
determine the probability that they are the same. The 
statistical test was used for comparing metal removal of Cd, 
Cu, Fe, Pb, Mn, Zn, and sulfate for each reactor. Metal 
removal data for the effluent of the SS and DS reactor was 
entered in tabular form in STATWORKS on a Macintosh computer.
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Results for tanks 1 and 2 of the DS reactor and the SS 
reactor along with wells from the SS reactor are given in 
Appendix A. The following chapter will discuss field results, 
i.e., pH, Eh, conductivity, and temperature for each sample. 
Also, metal removal performance of the reactors will be 
presented as both area and volume based loading rates for 
iron and total metals and treatment efficiency for individual 
metals. Sulfate removal will also be presented. Finally, 
results from sulfide production estimates, sulfide titration, 
and student t-test will be presented in this chapter.
Field Results
As mentioned earlier, field measurements for pH, Eh, 
conductivity, and temperature were measured for each sample. 
Field results for the single stage reactor effluent and tanks 
1  and 2 of the double stage reactor are shown in table 2 . 
Field results for the three sampling wells in the single 
stage reactor are shown in table 3.
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pH. The effluent water of the single stage reactor showed 
an increase in pH from 2.6 in the mine water to near neutral 
at 50 ml/min and above neutral at 100 and 200 ml/min. In tank 
1 of the DS reactor pH increased to 6.3 at 50 ml/min but 
dropped below six at 100 and 200 ml/min. Tank 2 of the DS 
reactor increased pH above 6.5 for most of the experiment at 
all three flow rates. Figure 5 shows the pH of the SS reactor 
effluent and tanks 1 and 2 of the DS reactor compared with 
mine drainage pH.
At well A (10 inches of substrate) pH was raised from 2.6 
in the mine water to between 6.3 5 and 6.55 at 50 ml/min and 
above 6.5 at 100 and 200 ml/min. At 20 inches of substrate, 
well B, pH increased to 6.7. Well C (30 inches) remained in 
the high six to low seven range at all three flow rates. 
Figure 6 shows pH values for the three sampling wells at the 
three flow rates over time.
Redox Potential. Eh of the mine water ranged from 650 mv 
to 750 mv over the course of seventeen weeks. The effluent of 
the single stage reactor showed a drop in Eh below zero at 50 
and 100 ml/min, but increased above zero at 200 ml/min. Eh 
values for tank 1 of the DS reactor ranged from -18 mv to 
+600 mv for
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Table 2: Field measurements for the SS reactor and tanks 1 
and 2 of the DS reactor. (Eh is in mv, Temp, is in degrees 
C, and Conductivity is in mmohs). (NM = not measured).
SAMPLE DATE | pH_______ Eh______COND . TEMP . |r--------------------------------------------
MINE DRAINAGE
31-Jul 3 .00 739.20 3,250.00 NM
8 -Aug 3 .01 756.50 NM 1 0 . 0 0
16-Aug 2 .87 755.90 5, 070 .00 NM
19-Aug 2 .82 735.70 3,780.00 7.00
2 8 -Aug 2 .85 6 8 8 . 1 0 4,580.00 9.50
3-Sep 2 .98 665.60 4,370.00 8 . 0 0
12-Sep 2.91 720.10 3,220.00 6.50
17-Sep 2 .93 694.40 3,790.00 6 . 0 0
24-Sep 2 .92 698.20 3,770.00 6 . 0 0
1 -Oct 2 .94 690.00 3,800.00 6.50
8 -0 ct 2 .72 734.10 3,360.00 4.00
15-0ct 2.79 656.30 NM 5.00
29-Oct 2 .56 645.10 2,400.00 5.00
5-Nov 3.00 657.00 2,600.00 3.00
12-Nov 3 .01 670.80 NM NM
19-Nov 3 .06 554.00 2,500.00 2 . 0 0
26-Nov 2 .91 571.30 2,700.00 1.50
SS REACTOR
31-Jul 7.63 54.60 20,600.00 NM
8 -Aug 7.81 165.80 20,500.00 9.00
16-Aug 7.32 2.80 17,150.00 NM
19-Aug 6.79 -20.50 13,160.00 9.00
2 8 -Aug 6.77 -13.60 11,460.00 9.50
3-Sep 6.63 -13.80 10,520.00 7 .50
12-Sep 7.10 -63.10 8,550.00 7.50
17-Sep 7 .15 -76.00 8,640.00 7.00
24-Sep 6.77 -27.00 8,990.00 7 .50
1 -Oct 7.36 -76.30 7,730 .00 5.50
8 -Oct 5.35 345.00 3,360.00 5.50
15-Oct 7.00 -87.20 NM 6 . 0 0
29-Oct 7.00 NM NM NM
5-Nov 7.00 NM NM NM
12-Nov 7.05 161.10 NM NM
19-Nov 7.79 152 .90 4,000.00 1 . 0 0
26-Nov 7.75 91.20 4,820.00 1.50
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Table 2 (continued)



































2 6 -Nov 6.74
-18.30 7,520.00 NM
-43 .00 5,000.00 7.00
17 .20 7,200.00 NM
36.50 5,530.00 8 . 0 0
282.30 3,560.00 8 . 0 0
651.40 4,220.00 1 0 . 0 0
493 .20 3,570.00 7.00
310 .50 4,120.00 5.50
233 .70 3,630.00 6 . 0 0
275.00 3,640.00 6 . 0 0
319.80 3,280.00 4.50
281.40 NM 5.50
278.00 2 ,1 0 0 . 0 0 4.50
119.50 2 ,0 0 0 . 0 0 5.00
304.80 NM NM
380.00 2,500.00 2 . 0 0
230.20 2,230.00 1.50
-54.70 16,000.00 NM
1 0 . 0 0 1 2 ,0 0 0 . 0 0 1 1 . 0 0
-13.90 14,140.00 NM










33 .60 3,800.00 3 .00
179.60 NM NM
322.60 3,400.00 2  . 0 0
-8.70 2,890.00 1.50
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Table 3: Field data for sampling wells A, B, and C 
where A = 10 inches, B = 20 inches, and C = 30 inches 
of substrate. (NM = not measured).
SAMPLE DATE 1 PH Eh COND. TEMP.
SS: WELL A
31-Jul 6.55 -158.40 1 1 450.00 NM
8 -Aug 6.49 9.80 15 0 0 0 . 0 0 9.00
16-Aug 6.33 9.70 16 0 1 0 . 0 0 NM
19-Aug 6.46 25.20 9 970.00 9.00
28-Aug 6.35 32.30 7 850.00 9.00
3-Sep 6 . 0 1 88.30 7 910.00 9.00
12-Sep 6.46 -7.80 5 300.00 7 .50
17-Sep 6.50 -22 .50 5 810.00 6.50
24-Sep 6.56 7.00 1 2 420.00 7.00
1-Oct 6.56 -40.30 6 2 2 0 . 0 0 7 .50
8 -Oct 6.53 -27.30 4 540.00 6.50
15-Oct 6.17 -42.40 NM 6 . 0 0
2 9-Oct 6.31 105.80 2 0 0 0 . 0 0 4.50
5-Nov 6 . 2 2 1 2 0 . 0 0 4 300.00 3 .00
12-Nov 6.36 102.40 NM NM
19-Nov 6.53 153.20 4 500.00 2 . 0 0
2 6 -Nov 6.50 19.30 4 320.00 1.50
SS: WELL B
31-Jul 6.77 -96.50 2 0 600.00 NM
8 -Aug 6.75 -63.00 17 0 0 0 . 0 0 1 0 . 0 0
16-Aug 6.51 -65.30 26 2 0 0 . 0 0 NM
19-Aug 6.59 -47.30 28 1 0 0 . 0 0 1 1 . 0 0
2 8 -Aug 6.37 -26.30 15 0 0 0 . 0 0 1 0 . 0 0
3-Sep 6.24 -5.80 15 850.00 8.50
12-Sep 6.85 -65.70 1 0 880.00 7 .50
17-Sep 6.92 -67.20 1 0 2 2 0 . 0 0 7 .50
24-Sep 6.78 -52.80 1 2 420.00 6.50
1-Oct 7.03 -73 .70 1 1 150.00 7.50
8 -Oct 7.01 -68.60 8 620.00 7.00
15-Oct 6.62 -93.90 NM 6 . 0 0
2 9-Oct 7.15 -98.90 4 0 0 0  . 0 0 4.50
5-Nov 6.63 49.90 1 0 0 0 0 . 0 0 3.00
12-Nov 6.67 -2.70 NM NM
19-Nov 6.78 34.10 8 ,0 0 0 . 0 0 2 . 0 0
2 6 -Nov 6.64 -4.90 1 0 ,0 0 0 . 0 0 2 . 1 0
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Table 3 (continued)
SS: WELL C 
31-Jul 6.84 -115.20 25/900.00 NM
8 -Aug 6.98 - 2  . 0 0 19/000.00 7.50
16-Aug 7.09 -32.70 23/100.00 NM
19-Aug 6.87 -65.20 15/500.00 8 . 0 0
28-Aug 7.01 -10.90 12/510.00 1 1 . 0 0
3-Sep 6.26 3 .40 13/600.00 8 . 0 0
12-Sep 7.06 -10.80 13/620.00 7 .50
17-Sep 6.97 -25.10 15/110.00 7.50
24-Sep 6.79 -16.40 15/400.00 9.00
1-Oct 7.40 -93.00 13/850 .00 8 . 0 0
8 -Oct 7.51 -120.40 11/640.00 7.00
15-Oct 7 .17 -130.60 NM 8 . 0 0
29-Oct 7 .50 -98.50 1 0 /0 0 0 . 0 0 4.50
5-Nov 7.04 -76.10 9/800.00 3 .00
12-Nov 7.13 -82.90 NM NM
19-Nov 7.13 -53.60 6 /0 0 0 . 0 0 2.50
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Figure 5. pH diagram showing pH values for effluents from 
the SS reactor and tanks 1 and 2 of the DS reactor compared 
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Figure 6 . pH diagram of SS reactor sampling wells A, B, and 
C compared to mine drainage pH where well A = 10 inches of 
substrates; well B = 20 inches of substrate; and well C = 30 
inches of substrate. Arrows represent days when flow rates 
were increased.
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the entire experiment at the three flow rates. Tank 2 of the 
DS reactor demonstrated Eh values ranging from slightly 
negative at 50 and 100 ml/min to slightly positive at 200 
ml/min. Figure 7 shows Eh measurements for the SS reactor and 
tanks 1 and 2 of the DS reactor over time.
At 10 inches of substrate (well A), Eh values were 
slightly positive (values ranging from 9.8 to 88.3 mv) at 50 
ml/min but became negative during the weeks run at 1 0 0  ml/min 
and finally increased to a value of 100 mv at 200 ml/min. At 
well B (20 inches of substrate), Eh values were negative 
during the entire experiment with values ranging from -2.7 to 
-98.9 mv with the exception of week 14 when Eh rose to 49.9 
mv. Finally/ at 30 inches of substrate, well C, redox 
potential remained well below zero with values ranging from -
2.0 to -130.6 mv. At week six Eh at well C increased slightly 
greater than zero to 3.40 mv. Figure 8 shows Eh values for 
wells A, B, and C, of the SS reactor and how they compare to 
the mine drainage.
Conductivity. Conductivity of the mine drainage ranged 
from 2,400.0 mmohs to 5,070.0 mmohs. During the experiment, 
conductivity of the mine drainage gradually decreased during 
the experiment. The effluent of the SS reactor showed a 
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Figure 7. Eh diagram showing redox potential of the SS 
reactor and tanks 1 and 2 of the DS reactor compared to the 
mine drainage redox potential. Arrows represent days when 
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Figure 8 . Eh diagram showing redox potential of the SS 
reactor sampling wells A, B, and C compared to mine drainage 
redox potential. Well A = 10 inches of substrate; well B = 20 
inches of substrate; and well C = 30 inches of substrate. 
Arrows represent day when flow rates were increased.
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10.520.0 to 20,600.0 mmohs at 50 ml/min. These values dropped 
below 5,000.0 by the end of the experiment but remained 
greater than the conductivity of the mine drainage. Tank 1 of 
the DS reactor also showed an increase in conductivity during 
the first five weeks of the experiment with values ranging 
from 4,000.0 to 7,520.0 mmohs. By week six conductivity in 
tank 1 dropped below the mine drainage to less than 3,000.0 
mmohs. Tank 2 of the DS reactor showed an increase in 
conductivity over both mine drainage and tank 1. Values 
ranged from 4,690.0 to 16,000.0 mmohs during the first 9 
weeks of the experiment. Conductivity dropped below 4,000.0 
mmohs during the last four weeks of the experiment. 
Conductivity measurement for the SS reactor, tanks 1 and 2 of 
the DS reactor, as well as the mine drainage are shown in 
table 2 .
At 10 inches of substrate, well A, conductivity increased 
substantially over the mine drainage to values ranging from
7.910.0 to 16,010.0 mmohs. At 100 ml/min, conductivity 
dropped to a range of 4,540.0 to 5,1810.0 mmohs and dropped 
further to 4,320,0 mmohs at 200 ml/min. At 20 inches of 
substrate, well B, conductivity increased substantially over 
well A to values greater than 10,000.0 mmohs. Finally at 30 
inches of substrate, well C, conductivity again increased 
over well B to values greater than 11,000.0 mmohs for almost
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the entire experiment. Conductivity values for wells A, B, 
and C are shown in table 3.
Temperature. Temperature of the mine drainage, the 
samples taken from each reactor, and the three wells were 
equal each week. However, temperature did drop considerably 
during the experiment due to seasonal changes. During the 
summer months, temperature ranged from 8.0 to 11.0* C. During 
the autumn months water temperature ranged from 5.0 to 6.5*
C. Finally, during winter months temperature ranged from 3.0 
to 1.0* C for all samples. Temperature measurements are shown 
in tables 2 and 3 for the mine drainage and SS and DS 
reactors, and for sampling wells A, B, and C respectively.
Loading Rates
Volume and area based loading rates were calculated to 
compare metal removal performance of each reactor. Rates were 
calculated for the effluent of both the SS and DS reactor to 
determine the the amount of iron and total metals removed 
from the system per day per square meter (g/d/m2) and amount 
removed per day per cubic meter (g/d/m3) .
Area Based Loading Rates. Area based loading rates were 
calculated to compare the Eagle mine reactors with past
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research on removal rates in passive mine drainage treatment 
systems. Loading rates for iron and total metals for the SS 
reactor and tanks 1 and 2 of the DS reactor are listed in 
table 4.
Volume Based Loading Rates. Volume based loading rates 
were calculated for each reactor effluent to compare removal 
rates of iron and total metals. Volume is a more important 
variable than surface area treatment for this research 
because area varies between reactors and therefore, removal 
rates from each reactor can not be compared. Calculations 
were made based on an area loading rate equation used by 
Hedin (1990) and Stark et al. (1990) substituting volume for 
area. The equations goes as follows:
v
1. Loading rates for iron. Loading rates for iron were 
calculated to compare removal rates of the two reactors.
Iron loading rate:
([Fein] - [Feout] ) (Q) (CF)/V = LR of Fe
Where:
[Fein] = concentration of iron entering the reactor
[Feout] ='concentration of iron leaving the reactor
Q = flow rate of mine drainage in the reactor
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Table 4: Area based loading rates calculated for iron and 
total metals for the SS reactor and tank 2 of the DS reactor 
(g/day/sq. meter).(NM = not measured; NA = not applicable).
IRON LOADING RATES TOTAL METAL LOADING RATES
FLOW RATE 1 SS 
1 (A=13 . 7m2)
DS-2 
(A=6 . 6 m2)
1 SS 
1 (A=13 . 7m2 )
DS-2 
(A=6 . 6 m2)
50 ml/min
NM 2.60 NM 7.33
1.17 2.16 3.28 6.52
1.37 2.40 3 .42 6 . 64
1.29 2.34 3.30 6.49
1.52 2.90 3.80 6.49
1 0 0
ml/min
3.31 6.63 9.50 19.50
2.89 5.89 8.36 17.20
3.22 6.58 8.25 16.70
3.03 6.15 7.79 15.70
3.40 6.52 8.60 14.40
2.71 5.91 5.06 14.50
2 0 0
ml/min
6.24 12.70 15.40 30.80
NA 0.43 6.31 16.56
NM 12.90 NM 31.70
6.19 12.99 15.60 31.70
5.97 13 .39 15.20 31.80
6.03 12.50 14.80 29.80
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CF = conversion factor 1.44 to convert minutes to
days and ml to L.
V = volume of reactor.
Iron removal rates for the SS reactor and DS reactor at 
flow rates of 50, 100, and 200 ml/min are shown in table 5. 
Removal rates in the SS reactor with a volume of 2.46 m 3 
ranged from 6.55 to 8.52 g/d/m3 with an average of 7.43 g/d/m3 
at 50 ml/min. At 100 ml/min, removal rates for the SS reactor 
increased to a range of 15.57 to 19.08 g/d/m3 with an average 
of 17.27 g/d/m3. Finally, at 200 ml/min, the SS reactor 
demonstrated 33.6 to 34.79 g/d/m3 removal rates with an 
average of 34.03 g/d/m3.
Iron removal rates for the DS reactor with a volume of 
2.46 m 3 produced removal rates ranging from 5.79 to 7.7 6  
g/d/m3 at 50 ml/min with an average of 6.65 g/d/m3. Iron 
removal rates at 100 ml/min for the DS reactor ranged from 
15.80 to 17.79 g/d/m3 with an average of 16.85 g/d/m3.
Finally, iron removal rates at 200 ml/min ranged from 1.17 to 
3 5.94 g/d/m3 with an average of 29.07 g/d/m3.
2. Total metal removal rates. Loading rates for total 
metal removal were also calculated for the SS and DS reactor. 
The equation used for these calculations was:
Total Metal Loading Rate:
([Min] - [MoUt] ) (Q) (CF)/V = LR total metals
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where:
[Min] = concentration of metals entering the reactor
[MoutJ = concentration of metals leaving the reactor
Q flow rate entering the reactor
CF conversion factor
V volume of reactor
Total metal removal rates for each reactor at 50, 100, 
and 200 ml/min are listed in table 5. Metal removal rates for
the SS reactor at 50 ml/min ranged from 18.3 4 to 21.66 g/d/m3
with an average of 19.39 g/d/m3. At 100 ml/min, the SS reactor 
demonstrated removal rates ranging from 19.00 to 52.99 g/d/m3 
with an average of 42.68 g/d/m3. Finally, at 200 ml/min, the 
SS reactor showed total metal removal rates ranging from 0.00 
to 86.06 g/d/m3 with an average of 67.52 g/d/m3.
Finally, total metal removal rates for the DS reactor at 
50 ml/min ranged from 17.43 to 20.82 g/d/m3 with an average of 
18.64 g/d/m3. At 100 ml/min, removal rates for the DS reactor 
ranged from 39.18 to 52.23 g/d/m3 with an average of 48.20 
g/d/m3. Lastly, at 200 ml/min, removal rates for the DS 
reactor ranged from 44.43 to 85.55 g/d/m3 with an average of 
76.71 g/d/m3.
Concentrations of metals in the effluent water from the 
SS and tank 1 and 2 of the DS reactor for Cd, Cu, Fe, Pb, Mn,
and Zn are shown in figures 9 - 1 4 .
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Table 5: Volume based loading rates for iron and total
metals for the SS and DS reactors (V = 2.46 cu. meters) 





DSFLOW RATE I SS DS SS
50 ml/min
NM 6.99 NM 19.68
6.55 5.79 18.50 17.51
7.64 6.44 19.07 17.80
7.20 6.29 18.34 17.43
8.52 7.76 2 1 . 6 6 20.82
1 0 0  ml/min
18.44 17.79 52.99 52.23
15.69 15.80 46.57 46.24
17.97 17.68 46.12 45.73
16.92 16.51 43.40 42.29
19.08 17.50 48.31 39.78
15.57 15.86 19.00 39.18
2 0 0  ml/min
34.79 34.10 86.06 83.11
0 . 0 0 1.17 0 . 0 0 44.43
NM 34.76 NM 85.27
34.50 34.88 84.15 81. 98
33.25 35.94 84.68 85.55
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Figure 9. Diagram showing Cd concentration of the SS reactor 
and tanks 1 and 2 of the DS reactor compared with 
concentration of Cd in mine drainage. Arrows represent days 
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Figure 10. Shows copper concentration in the effluent of 
reactor and tanks 1 and 2 of the DS reactor compared with 
concentration of copper in mine drainage. Arrows represent 
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Figure 11. Diagram showing the concentration of iron in the 
SS reactor and tanks 1 and 2 of the DS reactor in comparison 
with iron concentration of the mine drainage. Arrows 
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Figure 12. Diagram showing the concentration of lead in the 
effluent of the SS reactor and tanks 1 and 2 of the DS 
reactor in comparison with lead concentrations in the mine 
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Figure 13. Diagram showing concentration of manganese in 
effluent of the SS reactor and tanks 1 and 2 of the DS 
reactor compared with the concentration of Mn in the mine 
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Figure 14. Diagram showing the comparison of the 
concentration of zinc in the effluent of the SS reactor and 
tanks 1 and 2 of the DS reactor with the concentration of Zn 
in the mine drainage. Arrows represent days when flow rates 
were increased.
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Diagrams showing the removal of metals in the sampling 
wells in the SS reactor are given in appendix C.
Treatment Efficiency
Treatment efficiency was calculated for Cd, Cu, Fe, Pb, 
Zn, and Mn at 50, 100, and 200 ml/min to demonstrate the 
removal capability of each reactor and sampling well (Wieder 
1988). The equation used to calculate treatment efficiency 
was:
TE = ([MD] - [RE]/ [MD]) x 100
Where:
TE = treatment efficiency (percent removal).
[MD] = concentration of metals in the mine drainage 
entering each reactor in ppm.
[RE] = concentration of metals in the reactor effluent in 
ppm.
Treatment efficiencies for the single stage reactor and
tanks 1  and 2  of the double stage reactor are listed in table
6 . Treatment efficiencies of each metal for sampling wells A, 
B, and C are shown in table 7.
Flow of 50 ml/min. At 50 ml/min, treatment efficiencies 
for the six metals in the single stage reactor, tanks 1  and 2
of the double stage reactor, and wells A, B, and C are:
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Table 6 : Treatment efficiency for the SS reactor and tanks 
1 and 2 of the DS reactor. Values are expressed in percent 




8  - Aug
16-Aug 
19-Aug 
















NM 1 0 0 1 0 0
1 0 0 % 97 1 0 0
96% 1 0 0 1 0 0
1 0 0 % 1 0 0 1 0 0
97% 91 1 0 0
98% 0 1 0 0
1 0 0 % 50 1 0 0
1 0 0 % 27 1 0 0
1 0 0 % 89 1 0 0
1 0 0 % 77 96
74% 85 97
1 0 0 % 82 1 0 0
71% 85 83
NM 98 NM








98.6 38 1 0 0
1 0 0 76 1 0 0
1 0 0 77.6 1 0 0
1 0 0 94.5 1 0 0









76 8 8 71
47 1 0 0 53
1 0 0 94 87
84 1 0 0 95
95 43 1 0 0
1 0 0 1 0 0 1 0 0
93 85 93
1 0 0 1 0 0 1 0 0
1 0 0 1 0 0 1 0 0
97 95 96
1 0 0 96 1 0 0
0 93 0
NM 1 0 0 1 0 0
1 0 0 1 0 0 1 0 0
2 0 -Nov 97% 63 100 94 84.6 99.8 100 100 100







2  0 0 ml/m
400ml/m
DATE I SS-1 DS-1 DS-2 SS-1 DS-1 DS-2 SS-1 DS-1 DS-2
31-Jul NM 94 88.5 NM 95 99 NM 99 99.5
8 -Aug 97 93 8 6 99.6 93 99 99 99 99
16-Aug 96.6 90 81 99 91 98 99.5 99 99.5
19-Aug 94.6 94 83 98 8 8 98 99 99 99.7
2 8 -Aug 94 82 85 97 0 95.6 99 8 99.5
3-Sep 95 42 92 98 0 97 99.8 8 99.8
12-Sep 98 39 97 98 0 97 99.6 0 99.9
17-Sep 99 19 97 98.6 0 97 99.6 0 99.8
24-Sep 99.6 75 91 99 0 93 99.9 0 99.6
1 -Oct 98.7 62 90 93 0 55 99 0 79
8 -Oct 92 45 93 32 0 63 45 0 81
15-Oct 99 33 97 96 0 87 99.8 0 99
29-Oct 0 39 3 69 5 78.5 61 0 83
5-Nov NM 33 99 NM 2 0 93 NM 17 99.9
12-Nov 98.2 53 99.3 94.7 10.5 84.2 99.8 17 .4 99.9
2 0-Nov 92 58 99 95 1 0 8 6 99 29 99.7
2 6 -Nov 99 55 98.8 97.6 10.5 85 99 32 99.5
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Table 7: Treatment efficiency of sampling wells from the 
SS reactor, Well A = 10", well B = 20", and well C =30". 
Values presented in percent removal. (NM = not measured).
CADMIUM COPPER LEAD
flow DATE [ W-A W-B w-c | W-A W-B W-C | W-A W-B W-C
5 0ml/mi n
31-Jul 1 0 0 % NM NM 97 NM NM 1 0 0 NM NM
8 -Aug 96% 1 0 0 1 0 0 85 95 97 23 42 61
16-Aug 93% 1 0 0 1 0 0 87 96 96 0 0 1 1
19-Aug 96% 1 0 0 1 0 0 94 97 97 57 1 0 0 1 0 0
28-Aug 97% 91 99 98 98 98 89 80 89
3-Sep 98% 98 98 1 0 0 98 98 95 87 .5 90
lOOml/m
12-Sep 1 0 0 % 1 0 0 99 1 0 0 98 97 1 0 0 8 8 8 8
17-Sep 99% 1 0 0 99 1 0 0 1 0 0 98 91 1 0 0 1 0 0
24-Sep 99% 1 0 0 1 0 0 1 0 0 1 0 0 99 1 0 0 95 1 0 0
1 -Oct 99% 1 0 0 1 0 0 98 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
8 -Oct 99% 1 0 0 1 0 0 99 99.9 98 1 0 0 1 0 0 91
2  0 0 ml/m
15-Oct 99% 1 0 0 1 0 0 99 99 99 1 0 0 1 0 0 90
29-Oct 99% 1 0 0 1 0 0 98 99 99 1 0 0 1 0 0 1 0 0
5-Nov 99% 1 0 0 1 0 0 98 99 99 1 0 0 1 0 0 1 0 0
12-Nov 97% 1 0 0 1 0 0 98 99 99 1 0 0 96 99
400ml/m
2 0-Nov 97% 1 0 0 1 0 0 97 99 98 1 0 0 1 0 0 1 0 0
2 6 -Nov 97% 1 0 0 1 0 0 99 99 99 1 0 0 1 0 0 1 0 0
(Continued)
S ^ KES m m
COLDtN, 0 0  80401
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96 to 100% of cadmium was removed in the single 
stagereactor. This decreased Cd concentration from 0.91 ppm 
in the
mine drainage to 0.0 to 0.03 ppm. In tank 1 of the double 
stage reactor, treatment efficiency of Cd ranged from 0 to 
100% and in tank 2 of the DS reactor Cd was removed 100% at 
50 ml/min. Figure 15 shows treatment efficiency of Cd for the 
SS and tank 1 and 2 of the DS reactor.
At 10 inches of substrate, well A, treatment efficiency 
of cadmium ranged from 98 to 100%. 91 to 100% was removed at 
20 inches of substrate, well B. At 30 inches of substrate, 
well C, 99 to 100% of Cd was removed. These removals showed a 
decrease in Cd concentration from 1.0 to below detection 
limits.
2. Copper.
96% of copper was removed in the SS reactor by the end of 
the 50 ml/min run. This resulted in a decrease in copper 
concentration from 15 ppm to 0.6 ppm. In tank 1 of the DS 
reactor, treatment efficiency of copper reached 97.7%. 100% 
removal of copper was achieved in tank 2 of the DS reactor by 
the end of the 50 ml/min run. Figure 16 shows a graph of 
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Figure 15. Diagram showing treatment efficiency of Cd in the
SS reactor and tanks 1 and 2 of the DS reactor. Arrows





At 10 inches of substrate, well A, 100% removal of copper was 
achieved by the end of week five. Treatment efficiency 
dropped slightly between well A and well B to 98% and 
remained 98% at well C (30 inches of substrate). Copper
levels were decreased from 14 ppm to less than 1.0 ppm.
3. Iron.
95% removal of iron was achieved in the SS reactor at 50 
ml/min. Tank 1 of the DS reactor demonstrated 94% removal 
initially, which dropped to 42% by the end of week five. 92% 
removal was achieved in tank 2 of the DS reactor at 50 
ml/min. Iron levels decreased from 270.0 ppm in the mine 
drainage to values ranging from 15.0 to 35.0 ppm. Figure 17
shows treatment efficiency of iron for the SS and tanks 1 and
2 of the DS reactor.
At 10 inches of substrate, well A, 90% removal of iron 
was achieved at 50 ml/min. 89% removal was achieved at 20 
inches of substrate, well B. Finally, 91% removal of iron was 
demonstrated by 30 inches of substrate, well C.
4. Lead.
95% removal of lead was achieved in the SS reactor at 50 
ml/min. In tank 1 of the DS reactor only 43% removal was 
demonstrated. Tank 2 of the DS reactor showed 100% removal of 
Pb at 50 ml/min. Pb concentrations dropped from 0.7 ppm in 




















>o>o >o0 3 0 ) 0 ) 0 ) 0 . 0 . 0 . 0 .3 3 3 S < D Q < D < D OOOO
o> in cmCM ^ oCMCO CMCM
sample date
-----SS-1 u DS-1 DS-2
Figure 16. Diagram showing treatment efficiency of copper
for both the SS reactor and tanks 1 and 2 of the DS reactor
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Figure 17. Diagram showing treatment efficiency of iron for
the SS reactor and tanks 1 and 2 of the DS reactor. Arrows
represent day when flow rates were increased.
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treatment efficiencies of Pb for both reactors.
At 10 inches of substrate, well A, 95% treatment 
efficiency was achieved. At well B, 20 inches, 
treatmentefficiency dropped to 8 8 %. Finally at well C, 30 
inches, 90% treatment efficiency of Pb was achieved.
5. Zinc.
Treatment efficiency of zinc reached 99.8 in the SS 
reactor at 50 ml/min. In tank 1 of the DS reactor, 99% 
removal was initially achieved which dropped to 8 % by the end 
of week five. Tank 2 of the DS reactor demonstrated 99.8% 
removal of Zn. Concentrations of zinc dropped from 200.0 ppm 
in the mine drainage to less than 2.0 ppm. Figure 19 shows 
treatment efficiency of zinc for both reactors.
At 10 inches of substrate, well A, zinc was removed to a 
97% treatment efficiency. Well B, 20 inches, showed 99.6% 
removal of zinc. Finally, 91% treatment efficiency was 
achieved at 30 inches of substrate, well C.
6 . Manganese.
Manganese removal in the SS reactor effluent reached 97% 
at 50 ml/min. Tank 1 of the DS reactor demonstrated 90% 
removal initially, which dropped to 0% removal by the end of 
week five. 97% removal of Mn was achieved in tank 2 of the DS 
reactor at 50 ml/min. Concentrations of Mn decreased from










Figure 18. Diagram showing treatment efficiency of lead for
the SS reactor and tanks 1 and 2 of the DS reactor. Arrows
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Figure 19. Diagram showing treatment efficiency of zinc for
the of the SS reactor and tanks 1 and 2 of the DS reactor.
Arrow represent days when flow rates were increased.
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reactors. Figure 20 shows treatment efficiency of Mn for both 
reactors.
At 10 inches of substrate, 76% Mn removal was achieved.By 
20 inches of substrate, well B, 94% Mn removal was 
observed. Finally, at well C treatment efficiency of Mn 
dropped to 80%.
7. Sulfate.
No sulfate removal was observed at 50 ml/min. In fact, 
sulfate concentration increased in the SS and tanks 1 and 2 
of the DS reactor.
Sulfate also increased in sampling wells A, B, and C. See 
Appendix A for sulfate results for the six samples.
Flow of 100 ml/min. At 100 ml/min treatment efficiency 
for Cd, Cu, Fe, Pb, Zn, and Mn for the SS reactor, tank 1 and 
2 of the DS reactor, and for each sampling well were:
1. Cadmium.
100% of cadmium was removed in the SS reactor at 100 
ml/min. In tank 1 of the DS reactor 85% removal of Cd was 
achieved and 100% Cd removal was achieved in tank 2 of the DS 
reactor. These treatment efficiency resulted in a decrease in 
Cd concentration from 1.0 ppm to below detection limits. See 
figure 16 for treatment efficiency of Cd at 100 ml/min.
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Figure 20. Diagram showing treatment efficiency of manganese 
for the effluents of the SS reactor and tanks 1 and 2 of the 
DS reactor. Arrows represent days when flow rates were 
increased.
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achieved. 100% removal of Cd was reached in both wells B and 
C.
2. Copper.
In the SS reactor, 99% removal of copper was achieved at 
100 ml/min. Tank 1 of the DS reactor showed 97% Cu removal. 
Finally, 99% removal of Cu was achieved in tank 2 of the DS 
reactor at 100 ml/min. Cu concentration was decreased from 14 
ppm in the mine water to less than 0.5 ppm in the reactors. 
Figure 17 shows treatment efficiency of Cu.
At 10 inches of substrate, 99% Cu removal was achieved. 
Well B, 20 inches, and well C, 30 inches showed 99.9% and 99% 
removal respectively.
3. Iron.
At 100 ml/min, treatment efficiency of iron in the SS 
reactor reached 99%. Tank 1 of the DS reactor showed 33% 
removal, while 97% Fe removal was achieved in tank 2 of the 
DS reactor. Concentration of iron dropped from 270.0 ppm in 
the mine drainage to less than 2 0 . 0  ppm in both reactors (see 
figure 18).
At 10 inches of substrate, treatment efficiency of iron 
reached 91% at 100 ml/min. This value increased to 95% by 
well B, 20 inches of substrate. At well C, 30 inches of 
substrate, 98% iron removal was achieved.
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4. Lead.
100% removal of lead was achieved by the SS reactor and 
tanks 1 and 2 of the DS reactor at 100 ml/min. This resulted 
in a decrease in lead concentration from 0.7 ppm to below 
detection limits, (see figure 19).
100% treatment efficiency of lead was also achieved for 
wells A, B, and C.
5. Zinc.
99.8% removal of zinc was reached in the SS reactor at 
100 ml/min. 0% removal was demonstrated in tank 1 of the DS 
reactor. Tank 2 of the DS reactor reached 97% Zn removal at 
100 ml/min. Zinc concentrations decreased from 200.0 ppm in 
the mine water to less than 2 . 0  ppm during the run at 1 0 0  
ml/min (figure 2 0 ).
At 10 inches of substrate, 97% Zn removal was observed. 
This value increased to 99% in well B, 20 inches of 
substrate. Finally, in well C, 30 inches of substrate, 99% 
was achieved.
6 . Manganese.
Manganese removal at 100 ml/min in the SS reactor reached 
96%. In tank 1 of the DS reactor 0% Mn removal was observed. 
Tank 2 of the double stage reactor showed 99% Mn treatment 
efficiency. Mn concentrations dropped from 200.0 ppm in the 
mine drainage to less than 15.0 in the reactor effluents (see
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figure 2 1 ).
At 10 inches of substrate, 51% Mn removal was observed. 
This value increased to 94% Mn removal in well B, 20 inches 
of substrate. At 30 inches of substrate, well C, 98% Mn 
removal was achieved.
7. Sulfate.
At the beginning of the 100 ml/min flow rate sulfate 
reduction was observed. In the SS reactor, sulfate 
concentration dropped from 4,400.0 ppm to less than 3,000.0 
ppm. Tank 1 of the double stage reactor showed a slight 
increase in sulfate concentration. Concentration dropped in 
tank 2 of the DS reactor from 4,4000.0 ppm in the mine 
drainage to less than 4,000.0 ppm.
At 10 inches of substrate, sulfate concentration 
decreased slightly from the mine drainage to 4,000.0 ppm. In 
well B, 20 inches of substrate, sulfate concentration 
increased again to 4,800.0 ppm. Finally, in well C 
concentration of sulfates fell below 4,000.0 ppm.
Flow of 200 ml/min. At 200 ml/min, treatment efficiency 
of the six metals for the SS reactor, tanks 1 and 2 of the DS 
reactor and the three sampling wells were:
1. Cadmium.
100% removal of cadmium was achieved in the SS reactor at
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200 ml/min. Tank 1 of the DS reactor showed only 85% removal 
while tank 2 of the DS reactor demonstrated 100% treatment 
efficiency. Cadmium concentration decreased from 1.0 ppm in 
the mine drainage to below detection limits in the reactors 
(see figure 16).
At 10 inches of substrate, 97% of cadmium was removed. 
100% treatment efficiency of Cd was achieved in both well B 
and well C at 200 ml/min.
2. Copper.
Copper removal reached 99% in the SS reactor at 200 
ml/min. Tank 1 of the DS reactor produced 87% copper removal. 
Finally, tank 2 of the DS reactor demonstrated 99.8% 
treatment efficiency (see figure 17). At 200 ml/min, Cu 
concentration decreased from 14.0 ppm to less than 1.0 ppm.
At 10 inches of substrate, well A, 98% copper removal was 
observed. 99% removal of copper was achieved in both well B 
and well C at 200 ml/min.
3. Iron.
98.2% iron removal was observed in the SS reactor at 200 
ml/min. Tank 1 of the DS reactor demonstrated 53% Fe removal. 
99% treatment efficiency of Fe was achieved in tank 2 of the 
DS reactor (see figure 18). Fe concentration decreased from 
270.0 ppm to less than 10.0 ppm in both reactors.
At 10 inches of substrate, 94% treatment efficiency of Fe
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was observed. In well B, 20 inches of substrate, 97% removal 
of Fe was achieved. Finally, in well C, 30 inches of 
substrate, Fe was removed 99%.
4. Lead.
100% removal of lead was achieved in the SS reactor 
effluent, and tanks 1 and tank 2 of the DS reactor (figure 
19). Pb concentration decreased from 0.7 ppm in the mine 
water to below detection limits at the 2 0 0  ml/min flow.
1 0 0 % removal of lead was also achieved in all three 
sampling wells, A, B, and C, at the 200 ml/min flow rate.
5. Zinc.
Zinc removal reached 99% in the SS reactor at 200 ml/min. 
17% Zn removal was observed in tank 1 of the DS reactor and 
99.9% Zn removal in tank 2 of the DS reactor (Figure 20).
This resulted in a decrease in Zn concentration from 200.0 
ppm to less than 4 in most cases.
At 10 inches of substrate, well A, 95% removal of Zn was 
achieved. 99% treatment efficiency of Zn was observed in both 
well B and well C at 200 ml/min.
6 . Manganese.
Manganese removal in the SS reactor reached 95% during 
the 200 ml/min flow rate. Tank 1 of the DS reactor 
demonstrated 10% Mn removal. 84% removal of Mn was achieved 
in tank 2 of the DS reactor (Figure 21). Mn concentration
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dropped from 2 0 0 . 0  ppm in the mine drainage to less than 1 0 . 0  
ppm in the SS reactor and less than 30.0 ppm in the DS 
reactor.
At 10 inches of substrate, well A, treatment efficiency 
of Mn reached 62% at 200 ml/min. Mn removal increased to 97% 
in well B, 20 inches of substrate. Finally, in well C, 30 
inches of substrate, 98% removal of Mn was observed.
7. Sulfate.
At 200 ml/min, sulfate concentration decreased 
substantially from 4,400.0 ppm in the mine drainage to less 
than 2,500.0 ppm in the SS reactor. Tank 1 of the DS reactor 
also showed a decrease in sulfate concentration from 4,400.0 
to less than 4,000.0 ppm. In tank 2 of the DS reactor, 
sulfate concentration dropped blow 3,200.0 ppm.
At 10 inches of substrate, sulfate concentration 
decreased from the mine drainage to less than 3,500.0 ppm. At 
2 0  inches of substrate the concentration of sulfate was below 
3,000.0 ppm. Finally, at well C, sulfate concentration 
dropped significantly to 3 60.0 ppm.
Estimations of Sulfide Production
Estimations of sulfide production demonstrated that 
between 1.47 and 2.95 Moles of sulfide were produced in one 
reactor per day. The amount of metals removed per day was
T-4090 85
0.74 Moles, 1.49 Moles, and 2.97 Moles at 50, 100, and 200 
ml/min respectively. Enough sulfide was produced in each 
reactor to treat the metals present at flow rates of 50, 100, 
and 200 ml/min. Given this, it would appear that treatment ^
capacity of the reactors is 200 ml/min or 1,440 L/day. 0 
However, the two weeks run at 400 ml/min showed that  ̂
effective treatment was achieved. There may be other 
processes occurring in addition to sulfate reduction which 
could account for metal removal at higher flow rates. This 
would increase treatment capacity beyond what sulfide 
production would support. Also, a flow through reactor may be 
more amenable to sulfide production than the batch systems 
used in the lab experiments mentioned above.
Sulfide Titration
Results from the titration of sulfide demonstrated that 
only trace amounts of sulfide existed in each of the samples. 
This suggests that all of the sulfide produced either reacted 
with metals or was emitted as H2S gas.
Toxicity Test
A microtox test was run on the mine drainage and the SS 
and DS reactor effluents. A four dilution factor test run on 
the mine drainage yielded total kill after five minute with
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dilution factors of 91, 45, 23, and 12%. Both four and seven 
dilution factors were run on the reactor effluents. At 
dilution factors of 91, 45, 23, and 12% everything died after 
five minutes. Less toxicity was observed during the seven 
dilution factor run at 6 , 3, and 1.5% dilution. This toxicity 
test was not entirely reliable due to the darkness of the 
samples, but it did produce enough information to raise 
questions about the effluent water quality.
Statistical Results
Statistical results for the student t-test run for metal 
removal in the DS and SS reactors for Cd, Cu, Pb, Fe, Mn, and 
Zn, and sulfate are shown in table 8. Results show that
Table 8. Results for students t-test run for the SS reactor + 
tank 2 of the DS reactor. (All units in mg/L).
SULFATE Cd Cu Fe Pb Mn Zn
meanl (SS) 176.462 0 .897 13.369 284.326 0.6107 187 .428 245.819
stdevl 1,738.91 0.199 0.892 27 .524 0.1913 10.120 50 .986
mean2 (DS) -94.750 0.918 13.711 272.175 0.6048 179 .313 541.483
stdev2 1,729.70 0.186 0.879 35.654 0.1908 22.189 46.764
t-value 0.419 -0.294 -1.075 1.057 0.0853 1.251 0.242
p-value 0.679 0.771 0.291 0.299 0.9330 0.222 0.810
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overall, the DS reactor removed more metals than the SS 
reactor. However, the means calculated from each reactor 
showed that the probability of getting a t-statistic error is 
very small. Therefore, the null hypothesis that the reactor 
effluents are equal can not be rejected. It can be stated 
that with 95% confidence, the null hypothesis is accepted and 
the reactors showed equivalent metal removal. A print out of 





The results presented in the previous chapter require 
some discussion to better understand and interpret the 
information. The following chapter will discuss metal 
removal, field data, and statistical results gathered during 
the experiment. Various problems encountered during the 
project and recommendations for improvement also will be 
discussed.
Metal Removal
Metal removal efficiency for each reactor remained 
constant over the entire seventeen week experiment in both 
the SS and DS reactors. A slight decrease in removal occurred 
after the flow rates were increased, but the reactors managed 
to recover by the following week.
At week eleven, a substantial decrease in treatment 
efficiency occurred in both the SS and DS reactor effluents. 
Clogging of the main effluent pipe possibly forced water to 
flow backward through the system, therefore contaminating the 
reactor effluents. While the actual data may reflect a 
decrease in treatment, it was assumed that treatment of the
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water remained constant during this week. Examination of the 
sampling wells, especially well C, revealed no major 
deviation in metal treatment.
Week thirteen, October 29, also produced anomalous 
results in treatment efficiency for both the SS and DS 
reactor effluents. The concentration of Fe in the SS reactor 
increased to 710.0 ppm which is unlikely given that 
concentration of Fe in the mine water was only 270.0 ppm 
unless iron was released back into solution from the 
substrate. Because treatment efficiency of the six metals in 
well C showed no difference over treatment efficiencies 
during weeks proceeding and following week thirteen 
contamination was the best explanation for this contamination 
incident. Also, by the following week, treatment efficiencies 
returned to normal. This leads the author to believe the 
contamination that occurred during weeks 11 and 13 was 
anomalous and did not impact the integrity of the reactors.
Another incident of contamination occurred in tank 1 of 
the DS reactor. At week five after the flow rate was 
increased to 100 ml/min, tank 1 of the DS reactor showed a 
significant decrease in treatment efficiency of all metals. 
This can partially be explained by a design flaw in the 
system in which mine water from the reservoir tank was 
allowed to flow backward through an overflow pipe and
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contaminate the substrate surface. This problem occurred 
frequently as a result of clogging in the main effluent pipe 
with iron hydroxide precipitate. Yet another minor 
contamination incident that occurred during week eight of the 
experiment was an increase of flow into tank 1  of the double 
stage reactor when one of the site workers accidentally 
opened a wrong valve. Although contamination of tank 1 of the 
DS reactor was relatively severe, the reactor was able to 
recover. Also, any contamination suffered in tank 1 of the DS 
reactor was adequately treated by tank 2 .
Sulfate concentration showed a marked increase during the 
first eleven weeks of the experiment. This was explained by 
the leaching of sulfates present in the aged cow manure 
substrate. Extremely high concentrations of sulfate do not 
inhibit sulfate reducing bacteria so an increase in sulfate 
was not a concern. However, the increase in sulfate 
concentration due to leaching from the substrate made it 
impossible to calculate the rate of sulfate reduction 
occurring in each reactor. Sulfate concentration in the 
reactor effluents dropped below mine drainage concentration 
after week twelve. However, the amount of sulfate reduction 
remained difficult to estimate because of possible residual 
sulfate remaining in the substrate.
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Field Results
Field measurements, i.e., pH, Eh, conductivity, and 
temperature for each sample followed expected trends, with 
some exceptions. Both reactors held constant pH values the 
entire experiment with the exception of week eleven when pH 
in the single stage reactor dropped from 7.3 6 to 5.35. Sample 
contamination is the best explanation for this occurrence.
pH in tank 1 of the DS reactor dropped significantly from 
5.73 to 3.07 between weeks five and six. At this time flow 
rates were increased. However, mine water backing up the 
overflow pipe contributed to the majority of pH decrease. One 
positive observation made from this contamination incident 
was that tank 1 of the DS reactor, which was entirely 
overwhelmed by week six of the experiment with very little 
metal removal occurring, had fully recovered by week 15. This 
suggests that sulfate reducing bacteria are capable of 
surviving in highly acidic environments and if a 
contamination accident occurs, the entire bacterial 
population will not be eliminated.
Eh is a measurement of the oxidizing or reducing 
potential of water. Because sulfate reducing bacteria are 
anaerobic, they require a reducing environment with a redox 
potential between -150 and -200 mv (Tuttle et al. 1969). Both 
the SS and tank 2 of the DS reactor maintained reducing
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environments throughout the entire experiment. However, 
occasional weeks, including week eleven, occurred where Eh 
values rose above zero. Therefore it can be assumed that the 
increase in Eh was due to mine drainage contamination rather 
than destruction of the reducing environment within the 
reactors. In tank 1 of the DS reactor, Eh values also showed 
a significant increase between weeks 5 and 6 . Again, this may­
be explained by the plumbing problems mentioned above. Also, 
Eh measurements are often inaccurate and are subject to 
interference (Langmuir 1971). Therefore, for this research 
redox potential was used only as a method to indicate whether 
the reactor environments were reducing or oxidizing.
However, if Eh measurements for this research are indeed 
accurate, then sulfate reduction was occurring at Eh values 
much closer to zero. This suggests that the acceptable redox 
potential for sulfate reducing bacteria may be less than was 
once expected or the bacteria acclimated to a less reducing 
environment during the experiment.
Effluent and influent temperature ranged from 11 to 1.5# 
C. It was expected that temperature would show an increase in 
the reactor water over that of the mine drainage due to 
energy released by microbial activity. However, no 
significant increase in temperature of the effluent waters 
was observed.
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Conductivity is a measurement of the ability of water to 
conduct an electrical current {Tchobanoglous and Schroeder 
1985). Generally, metal ions decrease water quality by 
increasing conductivity. In past mine drainage treatment 
systems, conductivity was used as an indicator of water 
quality in treated effluents as compared to the mine drainage 
influent. Conductivity of the Eagle mine water increased 
dramatically in each reactor. This would suggest a 
deterioration in water quality not improvement. However, 
metal removal results and pH increase support the contention 
of water quality improvement. One explanation for the 
increase in conductivity is that organic ionic groups, 
particularly carboxyllic acids and phenolics that exist in 
composted cow manure, were leached from the manure as the 
mine water passed through it. This would increase the amount 
of ions in the water, therefore increasing conductivity. 
Reactor conductivity dropped below the mine drainage 
conductivity during the last five weeks of the experiment 
which suggests that most of the organic ionic groups were 
leached out. Also, several different conductivity meters were 
used throughout the course of the experiment which may have 
contributed to the anomalous conductivity measurements. 
Therefore, it was determined that for this experiment,
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conductivity was not a useful measurement and did not reflect 
treatment capabilities of the system.
Data Analysis
Three different methods for determining the effectiveness 
of treatment in each reactor for each metal were used for 
this research: 1 ) area based loading rates; 2 ) volume based 
loading rates; and 3) treatment efficiency. Previous research 
using PMDT systems used area based loading rates as a method 
for determining metal removal rates in a wetland. Area based 
loading rates (grams/day/sq. meter) were calculated for the 
effluents of the SS and DS reactors to compare with values 
from past research. Because the area of the DS reactor is 
almost half that of the SS reactor, loading rates in the DS 
reactor were nearly twice as high as the SS reactor. Given 
that removal of metals in each reactor was equivalent, it was 
deduced that an area based loading rate calculation is not an 
accurate method for demonstrating metal removal rates for the 
Eagle mine reactors.
Volume based loading rates (grams/day/cubic meter) were 
also calculated for the effluent of the SS and DS reactors. 
This method of demonstrating metal removal is not found in 
the literature, yet for this research it appeared to be more 
valid. Area based loading rates showed that the DS reactor
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yielded two times the loading rate of the SS reactor yet 
metal removal in each was equal. Given that metal removal, 
volume, and residence time were equal for each reactor, 
volume per flow rate (V/Q), which yields hydraulic residence 
time, was more reliable variable for determining metal 
removal rates than specific velocity (Q/A). Therefore, volume 
based loading rates were calculated so that removal rates in 
the two reactors could be compared.
Treatment efficiency was calculated because past research 
using PMDT systems referred to treatment in percent removal 
terminology. This method is difficult because it does not 
account for system variables such as volume, area, or flow 
rate. Treatment efficiency is a useful method when used in 
conjunction with other methods as was done for this research.
SS Verses DS Reactors
The student t-test, used to compare the effluents of the 
SS and DS reactors, showed that the metal treatment in the 
two reactors was equal. However, a closer look reveals that 
although the same amount of metals were removed in each 
reactor, behavior of each was different.
Within 10 inches of substrate in the SS reactor (1/4 of 
total reactor volume), more than 75% removal of metals 
occurred at all three flow rates. More than 85% removal of
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metals occurred in tank 1 (1 / 2  of total reactor volume) of 
the DS reactor at 50 ml/min, but at higher flow rates less 
than 20% removal, if any, occurred. At a volume 2 times 
greater, one would expect to see higher treatment efficiency 
in tank 1 than in the lower forth of the SS reactor, yet the 
opposite occurred. This would suggest that a larger surface 
area is more effective at treating water at higher flow 
rates. However, tank 2 of the DS reactor effectively treated 
the water from tank 1  to the point where it equalled and even 
surpassed treatment efficiency of the SS reactor. If area was 
an important variable, one would expect to see more treatment 
in the SS reactor between 10 inches of substrate and the 
reactor effluent than occurred. This suggests that a large 
surface area may be more effective at treating mine drainage 
as it initially contacts the substrate. However, as the mine 
water moves through the substrate with time, treatment 
becomes volume, rather than area dependant.
Wells
The sampling wells located in the SS reactor showed that 
improvement of water quality as the mine drainage flowed up 
through the substrate occurred. However, a decrease in 
treatment efficiency occurred between 2 0  and 30 inches of 
substrate. This especially holds true for weeks six, seven,
T-4090 97
and eight where metal concentrations increased from well B to 
well C. The drop in treatment efficiency of the metals at 
well C was attributed to redissolving of metals back into 
solution due to a pH decrease. However, metal concentrations 
decreased to expected values by the effluent of the SS 
reactor. Another explanation was short circuiting. If short 
circuiting was the cause of treatment failure at well C, no 
long term effects on the overall reactor performance were 
suffered. By week nine it appeared to correct itself. From 
that point, improvement in water quality was observed with 
increase in substrate depth.
Another possibility for the decrease in treatment * 
efficiency within the reactor was, that at the time of 
sampling, a parcel of less treated water, which resulted from 
an inadvertent flow increase, passed through the substrate at 
well C. Given the residence time of the water in the SS 
reactor, it is possible that this water would move through 
the system for several days to a week. When well C was 
sampled, the sample may have represented the high flow parcel 
rather than the influent feeding the system.
Flow Rates
A beginning flow rate of 50 ml/min was set for this 
experiment based on mass loading rates calculated for the Big
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Five constructed wetland in Idaho Springs, Colorado. Total 
metals concentration in the Big Five mine drainage is several 
orders of magnitude less than total metals concentration in 
the Eagle Mine water, yet successful treatment was achieved 
at a comparable flow rate. Results also showed that effective 
treatment was achieved when flow rates were increased two and 
four times that of the Big Five Wetland. This suggests that 
the PMDT treatment system constructed for this research 
inside the Eagle mine with a composted cow manure and hay 
substrate was a marked improvement over previous designs.
Effluent Water Quality
One problem with the treatment of acid mine drainage 
through the use of PMDT systems is the quality of effluent 
water. Although pH increase and metal removal is successful 
with PMDT treatment, the water exiting the reactors will most 
likely not meet water quality standards. The color of the 
effluent water from each reactor was dark brown and possessed 
a powerful ammonia odor. A microtox test showed that entire 
kills of Ceriodaphnia occurred after five minutes with seven 
dilution factors. This may have been due to trace amounts of 
zinc and cadmium remaining in the effluent water which are 
extremely toxic to Ceriodaphnia. With initial Zn 
concentrations at 200-300 ppm, even 99.9% removal will leave
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residual Zn concentrations higher than Ceriodaphnia can 
tolerate.
In most cases, effluent water from past PMDT systems is 
initially very dark and turbid, but eventually clears as 
organics are leached from the substrate. However, this did 
not occur with the bioreactors used in this research. The 
effluent water in the SS reactor was dark for the entire 
experiment. The three sampling wells produced dark brown 
turbid samples. Tank 1 of the DS reactor eventually cleared 
to a dark yellow, but tank 2 of the DS reactor remained dark 
for all 17 weeks. A decrease in turbidity was observed in the 
effluent of the SS and DS reactor, which facilitated 
filtering as the experiment progressed.
More sufficient toxicity tests and water quality tests 
are required to determine toxicity levels of the effluent 
water. It is important to realize that PMDT systems may not 
be able to stand alone in some cases. An inexpensive 
polishing step designed to treat organics, nitrates and 
ammonia that are leached from the aged cow manure may be 
added as an accompaniment to a PMDT system.
Recommendations For Design
To keep costs down, the PMDT system used for this 
research was designed to operate with minimal maintenance and
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operational expenses. Lack of electricity, adequate supplies, 
and location problems dictated a simple system design. 
Reliance on constant hydraulic head and ball and globe valves 
to drive the system and maintain flow rates worked well for 
the pilot scale system. However, if a larger scale system is 
to be implemented, gate or butterfly valves, which are less 
prone to clogging, should be used. If available, a pumping 
system might also be used.
The system was designed to operate underground for 
research purposes, but also for the constant climate 
maintained in underground environments. The initial site for 
construction was selected so that freezing of the reactors 
would not occur. However, logistical problems forced 
relocation to an area near a portal. Enough air flow was 
present to cause underground temperatures to drop along with 
outside air temperatures. At low flows, small diameter pipes 
freeze. If electricity is available, then components of the 
system could be maintained above freezing. If electricity is 
not available, the system should be placed far enough 
underground so that the environment will not be affected by 
outside climate. The Eagle mine treatment system may have 
been more efficient if warmer temperatures could have been 
maintained. A treatment system that must shut down during 
winter months is not practical.
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Another problem encountered with moving the system closer 
to the portal was disposing of excess mine drainage and 
treated water. The State of Colorado and the U.S. 
Environmental Protection Agency required that we treat all 
water used for the experiment. A main effluent pipe carried 
any excess mine water, effluent, and overflow water from the 
reactors to a utility access drain outside of main portal to 
the tunnel. The manhole was situated slightly upgradient from 
the system. This slowed the water exiting the mine down 
considerably allowing large quantities of iron hydroxide to 
precipitate onto the inside of the pipe. To avoid this 
problem, a larger pipe diameter should be used. Also, if 
other systems are to be designed, a down gradient effluent 
delivery system should be constructed.
It has been shown in this research that a PMDT system 
designed and constructed with a limited budget, worked very 
well. However, problems were encountered. If larger scale 
systems are to be designed from this research, the above 




Passive mine drainage treatment systems without the 
addition of plants or lime proved to be an effective method 
for treating water with exceptionally high concentrations of 
metals and low pH from the Eagle Mine Superfund site. 
Treatment was successful at flow rates of 50, 100, and 200 
ml/min. Insufficient data for the 400 ml/min flow rate made 
drawing conclusions concerning metal removal rates difficult. 
Also, treatment was successful in an underground environment.
A substrate composed of composted cow manure and fresh 
hay in a 4:1 ratio by volume recipe sustained excellent 
conditions for sulfate reducing bacteria. Sulfate reduction 
was the primary process occurring within the reactors because 
sulfate concentrations decreased significantly in the 
effluent water (after several weeks). Also, titration to 
measure the presence of sulfide demonstrated that only trace 
amounts of sulfide were present. This suggests that all the 
sulfide produced reacted with metal ions in the water within 
the substrate.
A standard student t-test used for comparing the single 
and double stage reactor effluents, showed that treatment
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efficiency for removal of Cd, Cu, Fe, Pb, Mn, and Zn was 
equal for both reactors with 95% confidence. Cd and Cu were 
the easiest metals to remove. 100% removal of Pb occurred 
after several weeks of operation. From this information one 
can conclude that reactors require several weeks to 
equilibrate before achieving adequate results. Treatment 
efficiency of iron was less than expected but still very 
high. One may conclude that elevated levels of Fe are 
difficult to treat with PMDT at high flow rates. Sufficient 
removal of Zn occurred. Finally, manganese removal occurred 
more efficiently than was expected given past experimental 
data and geochemical theory. It may be concluded that if pH 
of a system remains near neutral, than Mn removal is possible 
in a PMDT system.
Treatment for pH increase was also equal for both the 
single and double stage reactors.
At 50 and 100 ml/min both reactors supported reducing 
environments. At 200 ml/min a less reducing environment was 
observed, but treatment efficiencies remained successful.
From this information, one may conclude that sulfate reducing 
bacteria require a less redox potential value then was once 
believed.
Successful metal removal also occurred at temperatures 
much less than optimal growth temperatures for sulfate
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reducing bacteria. This suggests that PMDT systems need not 
be enclosed in a climate controlled setting. However, as 
temperatures dropped to near freezing inside the mine, the 
reactors froze and ceased operating which suggests that 
minimal climate control, to keep temperatures above freezing, 
is a requirement.
Within the single stage reactor, more than 75% of the 
treatment occurred within the first 1 0  inches of substrate 
(except Mn) at all three flow rates. A general increase in 
treatment occurred gradually through the substrate and 
upwards of 99 to 100% metal removal occurred for nearly all 
metals by 30 inches of substrate. Because only 75% of 
treatment occurred within the first 1 0  inches of substrate, a 
conclusion was drawn that a zone of less treatment efficiency 
did occur at the mine drainage substrate interface but was 
limited to a small area because by 2 0  inches of substrate 
nearly 98% removal of metals was achieved.
Treatment of the water at well A was consistent 
throughout the experiment at 50, 100, and 200 ml/min. From 
this, one can conclude that the zone of less metal removal 
mentioned above at the mine drainage-substrate interface did 
not migrate through the substrate with time. This also 
suggests that after seventeen weeks of continuous exposure to 
mine drainage, the first 10 inches of substrate still treated
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as effectively as fresh substrate. This coincides with 
results from the Big Five Tunnel in Idaho Springs, CO which 
has been effectively removing metals since 1987 with original 
substrate.
Estimates of sulfide production were made to determine 
treatment capacity of each system based on amount sulfide 
produced per cm3 per day compared with the amount of metals 
introduced to the system per day at 50, 100, and 200 ml/min. 
Calculations showed that enough sulfide is produced to treat 
all metals present at all three flow rates. This suggests 
that the rate of sulfide production in the PMDT implemented 
at the Eagle mine site was similar to that found in 
laboratory experiments. It also suggests that theoretical 
calculations are a feasible means for estimating the 
treatment capability of a PMDT system.
Earlier research suggests that loading rates should be 
determined based on flow per given area (Q/A). At the Big 
Five constructed wetland in Idaho Springs, Colorado, 
effective treatment was obtained with a loading rate of 1 / 8  
gal/min/100 ft2. The reactors in this research have shown 
effective treatment at much higher flow rates per given area. 
Loading rates calculated for the two reactors showed that the 
DS reactor yielded twice the loading rate as the SS reactor. 
Given that treatment efficiencies in the SS reactor (with an
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area 14.7 ft2) and the double stage reactor (area = 7.0 ft2) 
were equal, and the residence time for each reactor was 
equal, then it appears that volume per flow rate (V/Q), which 
yields hydraulic residence time, is a more reliable variable 
for determining metal removal rates than Q/A (velocity).
Results also show that the substrate changed over time 
during the experiment. At the start of the experiment sulfate 
concentration, conductivity, and suspended material increased 
in the reactor effluents. After several weeks, both sulfate 
concentration and conductivity in the reactor output 
decreased. This suggests that a PMDT system using composted 
cow manure treatment media requires a period of adjustment.
Also, a substrate consisting of composted cow manure and 
fresh hay, in an upflow configuration, can treat four times 
the flow rate as the system at the Big Five tunnel in Idaho 
Springs, Colorado. This in turn suggests that large scale 
PMDT systems may be built as tall towers rather than shallow, 
broad wetlands. Space required for treatment would be 
significantly reduced.
Finally, the conclusion that PMDT systems are effective 
for raising pH and removing metals is apparent, however the 
decrease in other water quality variables cannot go 
unnoticed. More research must be done to develop an 
inexpensive, effective polishing step so that acid mine
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Appendix B: Student t-test results. Run on Statworks for the Macintosh computer.




Std. Deviation: 0.199 0.187
f'% H t j  | 'Va* t»/ i > \X > v • *. r : v
t -s ta t is t ic :  0 294 Hypothesis:
Degrees of Freedom: 28 Ho: p1 = jli2
Significance: 0.771 Ha: p.1 * \x2
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Data File: EM S S  VS 0 8  
Independent Samples...
Variable: S S -C u  DS-Cu
Mean: v< i‘*< /'i •' A <-x » V v * '‘J */ *1
Std. Deviation: n r S/ NX ft. ij <.s
O b s e rv a tio n s ; ‘1 fv5 Sv ■>1 }"i
t -s ta t is t ic :  -1 076 Hypothesis:
Degrees of Freedom: 29 Ho: p1 = jj.2
Significance: 0.291 Ha: p1 *  p2
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Data File: EM S S  VS OS 
Independent Samples...
Variable: S S -F e  D S -F e
Mean: r.. 0  •=*. c /
Std. Deviation: ^ Z i  t's. * w «w.> . \/
Observaiions: " i &  •! ,{ /'f1 y>>
t -s ta t is t ic :  1,057 Hypothesis:
Degrees of Freedom: 29 Ho: ji1 = p2
Significance: 0.299 Ha: ji1 *  p2
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Data File: EM SB VS DS 
Independent Samples...
Variable: S S -F b  D S -P b
Mean: 0 .8 1 1 r$ RfH"■■J . O  y,f
Std. Deviation: 0 ,1 9 1 ft i CH
O b s e rv a tio n s : 1 5 .{ S'?f o
t -s ta t is t ic :  0,085 Hypothesis:
Degrees of Freedom: 2 9  Ho: p 1  =  |i2
Significance: 0.933 Ha: p1 *  p2
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Data File: EM SB S/S DS 
Independent Samples...
Variab le: QS-yn
Mean: 1 «t? .4.9Q» V i' • » V i . v5 5 Cs
Std. Deviation: > •. 5 fi •> /"•
O h  <5 n  f s? f I o-'s*' 1 4 » <■/
t -s ta t is t ic :  1 251 Hypothesis:
Degrees of Freedom: 27 Ho: p.1 *  ji2
Significance: 0.222 Ha: p1 *  ji2
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Data File: E M S S V S D S  
Independent Samples...
Variable: SS-Zn DS-Zn
Mean: 245.819 841 .4ii4
Std. Deviation: 50-386 48.784
Observations: 1 4 ft! V
t -s ta t is t ic :  0,243 Hypothesis:
Degrees of Freedom: 28 Ho: p1 = \x2
Significance: 0.810 Ha: ji1 *  p2
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Data File: EM SS VS OS
Independent Samples...
Variable: SS-Sulfate D S-Sulfate
Mean: t /t?.4o2 »*S A ?■*• & . /  D U
Std. Deviation: ™ O i'i -< •'"i i / b5. / u J
Observations: •< >">J o X A5 D
t -s ta t is t ic :  0,419 Hypothesis:
Degrees of Freedom: 2 7 Ho: p1 = ji2
Significance: 0.679 Ha: p1 * \i2
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Appendix C: Diagrams showing weekly concentrations of Cd, Cu, 
Fe, Pb, Mn, Zn, and Sulfate in the three sampling wells, A,
B, and C relative to the mine drainage.
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